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ABSTRACT
CHARACTERIZING REACTIVE IRON MINERAL COATINGS AND
THEIR ROLES IN NATURAL ATTENUATION
AT A SITE WITH HISTORICAL CONTAMINATION
by
Han Hua
Reactive iron mineral coatings in redox transition zones play an important role in
contaminant attenuation. These mineral coatings include poorly crystalline to crystalline
iron sulfides, carbonates, and oxyhydroxides, and are a signature of the biogeochemical
processes occurring. To better understand these processes, reactive iron mineral coatings
are characterized in an 18-m Anaerobic Core collected from a contaminated industrial site.
This study targets redox transition zones uncovered in the core. A suite of complementary
analyses is applied to distinguish the surface coating mineralogy using X-ray Diffraction,
X-ray fluorescence, and field-emission scanning electron microscopy (FESEM) with
energy dispersive X-ray analyzer (EDX). In the shallowest redox transition zones,
framboidal pyrite and greigite are observed in the clay lenses, while iron (III) phases in the
aquifer include goethite, ferrihydrite, lepidocrocite, and hematite. In the transition zone in
aquitard, iron sulfides are found as flaky aggregates of mackinawite, pyrite, and pyrrhotite.
In addition, the iron (II)/(III) mineral magnetite is also observed in this same area. Other
related data such as groundwater chemistry and microbial genera are also collected.
Possible cycling pathways for Fe and S mineral coatings are proposed and compared
between transition zones. Using multiple lines of evidence, the shallowest two redox
transition zones are expected to play a significant role in the degradation of site
contaminants. Reactions in other redox transition zones may be slower where iron mineral
coatings are not dominant.

The identified reactive iron mineral coatings in the Anaerobic Core are compared
with a Cryo Core which has been collected with the cryogenic technique applying liquid
nitrogen. After thawing the Cryo Core in an oxygen-free glovebox, the same suite of
analyses is applied. Among the iron minerals identified, crystalline pyrite is found
throughout the Cryo Core sediment samples, which contrasts with that observed for the
Anaerobic Core. Moreover, mackinawite and greigite which are ubiquitous in the
Anaerobic Core were not observed in Cryo Core samples. Meanwhile, a freeze/thaw
process is simulated on Anaerobic Core samples using a liquid -nitrogen quench with
surface coatings characterized by FESEM/EDX. In these quenched samples, mackinawite
is no longer observed, and in its place was pyrite. In addition, both greigite and pyrite are
found to be unique morphologically after quenching. Dissolution and re-precipitation of
iron sulfide coatings during the freeze/thaw process appears to affect the geochemistry of
the pore water through two main mechanisms of freeze-concentration and freezing
potential.
Overall, reactive mineral coatings characterized with multiple chains of evidence
are important contributor to the natural attenuation processes of contaminants of concern
in redox transition zones.
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CHAPTER 1
INTRODUCTION

Reductive dehalogenation with reactive iron minerals plays an important role in the natural
attenuation of chlorinated organic solvents.1 Given the continuous process of precipitation
and dissolution both biotically and abiotically,2 these reactive iron minerals are expected
to be most significant in redox transition zones. However, there are many challenges in
collecting anaerobic cores representative of the subsurface environment and characterizing
reactive iron mineral coatings with reduction-oxidation (redox) condition intact. To better
understand iron mineral coatings as a function of redox potential in subsurface sediments
from a site with historical contamination, this research focuses on using an 18-m Anaerobic
Core collected with the redox conditions preserved throughout the entire process of
obtaining the core, sampling, and laboratory analysis.3 The purpose of this research is to
characterize reactive iron mineral coatings in redox transition zones (RTZs) using analyses
with resolutions from micro- to nanometers. This research is needed to better understand
and quantify the abiotic processes in contaminated subsurface systems. With this
understanding, mechanisms can be modeled and potentially enhanced to improve natural
attenuation processes. Unique mineralogy and morphologies of reactive iron mineral
coatings are being observed in RTZs using complementary tools for characterization.
This study helps support a methodology for collecting, preserving, and analyzing
complete sediment cores representative of the subsurface. Once the redox condition is
preserved, signature coatings formed through abiotic and biotic degradation pathways can
be characterized. In addition, this research provides a solid foundation for refining the

1

conceptual site model with respect to biogeochemical processes, which can be applied to
better estimate the mobility, transformation, and natural attenuation of contaminants of
concern (COCs). These results can be used to optimize the geochemical environment in
groundwater systems to enhance remediation with abiotic reactions.
In addition, iron mineral coatings found in the anaerobic core were compared with
a cryogenic core which is referred to as Cryo Core. The two most important iron sulfide
“precursors” of pyrite, mackinawite, and greigite, were not found in the Cryo Core but
were ubiquitous in RTZs of the (unquenched) Anaerobic Core. By conducting a cryogenic
quench study at 77 K on split samples from the Anaerobic Core, poorly crystalline iron
sulfide, mackinawite, was observed to decrease while pyrite increased. These unique
phenomena can be explained by a mackinawite dissolution, transformation, and reprecipitation process during the freezing process driven by mechanisms of freezingconcentration and freeze potential in the cryogenic process. The results of the quench study
also provide evidence that the cryogenic sampling technique for collecting sediment
samples may result in a loss of mineralogy and morphology of metastable forms of iron
sulfide coatings.
This dissertation includes a literature review on the importance of reactive iron
minerals in contaminated subsurface systems, abiotic dehalogenation, and the pathways,
as well as reactive iron mineral transformation in transition zones. The literature review is
followed by the chapter on hypotheses and objectives. Details on materials and methods
used in experiments are presented in Chapter 4. Critical results from different aspects in
studying coring samples will be discussed in Chapters 5, 6, and 7. In the last chapter,

2

Chapter 8 presents conclusions and future work inspired by the current discoveries in this
study.
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CHAPTER 2
LITERATURE REVIEW

In this chapter, a literature review on the importance of reactive iron minerals is presented
and followed by their role in abiotic remediation. Moreover, mechanisms responsible for
abiotic dehalogenation of COCs are reviewed and the last section includes geochemical
conditions and limitations impacting the transformation of reactive iron minerals.

2.1 Reactive Iron Minerals in Monitored Natural Attenuation
Based on the National Priorities List from the U.S. Environmental Protection Agency,4
nonaqueous-phase liquids (NAPLs) have been abundantly observed over 60% of the sites.
Because of their physical and chemical properties such as low solubility, high specific
gravity, and tendency to sink in the subsurface, remediating NAPLs in soil and
groundwater has been considered a particularly challenging problem.5 The size and spatial
distribution of the source zone are difficult to determine which limits the effectiveness of
both conventional (e.g., groundwater pump-and-treat) and innovative (e.g., in situ chemical
oxidation and bioremediation) technologies. As a result, less aggressive treatment of the
dissolved phased by monitored natural attenuation (MNA) has been found to be useful in
achieving long-term remediation in the subsurface.6 MNA can be accomplished both
biotically and abiotically as well as through volatilization.7 In the biotic transformation of
chlorinated solvents, primary mechanisms include halorespiration and cometabolism.8, 9 In
ecosystems, because it is an essential macronutrient for organisms, iron cycling is
important some enzymatic reactions including photosynthesis, respiration, and nitrogen
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fixation.10, 11 Additionally, iron (III) oxyhydroxides in these reactions serve as electron
acceptors.12, 13 For abiotic transformation by reactive iron mineral coatings, important
earlier work was addressed by Vogel et al.14 They found halogenated contaminants such as
trichloroacetic acid (TCA) and dichloroethene (DCE) in the groundwater can be
transformed through abiotic reactions that included hydrogenolysis, dihalo-elimination
(loss of two adjacent chlorines forming a C-C bond), and coupling (loss of chlorines on
two separate molecules forming a C-C bond, joining the two molecules). Moreover, these
processes were observed to be enhanced by catalysts such as clay.15 In other studies,16-18
researchers found that (a)biotic dehalogenation processes were observed in the presence of
galvanized steel, stainless steel, aluminum, and iron. Gillham and co-workers17 initially
used iron powders (zero-valent iron, ZVI) as the electron source to remediate chlorinated
methanes, ethanes, and ethenes in anaerobic columns. As a result, ZVI was applied as an
critical component in PRBs to reduce perchloroethylene (PCE) and tricholoroethylene
(TCE) in a pilot-scale field study conducted.17, 19 The rate of degradation was modeled as
pseudo-first-order and more restricted by reaction rate than mass transfer. Abiotic
dehalogenation with reactive iron minerals came to the fore through the use of zero-valent
iron as permeable reactive barriers (PRBs).17, 20, 21 Although dehalogenation using ZVI was
of focus in the early studies, related and recent work has extended to reactive iron minerals
which likely had formed on the ZVI functioning as electron donors or reaction mediators
to accelerate reductive dechlorination. Numerous studies have demonstrated the abiotic
transformation of chlorinated solvents by mackinawite (FeS) under controlled anaerobic
systems, which is including PCE,22-24 TCE,24, 25 cis-1,2-dichloroethene (cis-DCE),26 carbon
tetrachloride (CT),27, 28 and chlorinated alkanes.29, 30 Many other iron reactive minerals
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have been studied including pyrite (FeS 2 ),31, 32 green rust,33 and magnetite.27, 31, 34 In most
of these studies, rate constants were measured and related to the mineral surface area; the
trend describing the relative reactivity follows disordered mackinawite (FeS) >
mackinawite > ZVI > pyrite (FeS2 ) > sorbed Fe2+ > green rust (Fe(II)/(III) oxyhydroxide)
= magnetite (Fe3 O4 ) > biotite = vermiculite.35 Moreover, with the growing interest in
reactive iron minerals, many research groups34, 36-40 are targeting how abiotic degradation
can be practically enhanced in groundwater remediation both through engineered treatment
and MNA. Ferrey et al.34 used magnetite-bearing sediment to treat cis-DCE by natural
attenuation; Kennedy et al.41 injected ZVI with Epson salt (MgSO 4 ·7H 2 O) and sodium
lactate (NaC 3 H 5 O3 ) achieving 95% degradation of polychlorinated biphenyl, TCE, and cisDCE in less than one year; and, recently there are a number of additional studies focused
on using reactive iron minerals in abiotic dehalogenation.36, 39, 42

2.2 Mineral Coating Characterizing Techniques
To characterize reactive iron mineral coatings in sediments, SE has been initially used for
quantitative analysis but are not amenable for evaluating mineralogy and morphological
profiles in sediments.34, 37, 40, 43-45 Jeong et al.46 used Fe-K edge spectra from X-ray
absorption spectroscopy to address the composition of iron minerals and their surface
speciation that contributes to cis-DCE abiotic dechlorination. Han et al. 47 used
X-ray diffraction (XRD) with X-ray photoelectron spectroscopy analyses to characterize
green rust in the degradation of cis-DCE and vinyl chloride. Lee and Wilkin48 applied SEM
images to characterize surface coatings on soil samples from PRBs. Other tools applied
have included X-ray fluorescence (XRF) for elemental concentrations,34 as well as field-
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emission scanning electron microscopy (FESEM) with energy dispersive X-ray analyzer
(EDX) for morphology and surface elemental composition.36,

38, 42

Because of the

complexity of sediment, multiple techniques are necessary to characterize mineralogy,
morphology, and composition as a function of the redox condition. While simulating three
anaerobic systems to investigate the abiotic transformation of cis-DCE, Ferrey et al.34
identified the presence of magnetite using a combination of XRF, acid digestion, and XRD.
In another study, Whiting et al.40 collected mulch samples from a biowall with abundant
reactive iron mineral coatings. Chemical extraction revealed iron monosulfides and
disulfides, while SEM and EDX were used for elemental composition and grain size
analysis. Even though samples were preserved using liquid nitrogen that could potentially
impact mineral morphology (at a minimum), results revealed the presence of iron sulfides.
While difficult to distinguish, these minerals included potentially mackinawite, framboidal
pyrite, pyrrhotite, and greigite.

2.3 Abiotic Degradation Mechanisms
Abiotic transformation

of chlorinated

solvents includes reductive elimination,

hydrogenolysis, dehydrohalogenation, and hydrolysis. In this section, these mechanisms
are reviewed. Abiotic degradation may include multiple mechanisms (Figure 2.1) that in
many cases may also be achieved biotically.
2.3.1 Reductive Elimination
Reductive elimination, as a very important and common reaction for chlorinated solvent,
occurs under methanogenic (anoxic) conditions as well as partially aerobic conditions.49
Reductive elimination includes α-elimination and β-elimination, which involves the

7

elimination of chlorine atoms from the same one carbon atom and from two different
carbon atoms, respectively. The reaction is observed in alkane transformation,50 and can
be described as follows:
RCCl-CClR + 2e– → RC=CR + 2Cl–

(2.1)

Reductive elimination has been observed in the transformation of TCE to acetylene via the
intermediate chloroacetylene;51, 52 and acetylene may then convert to ethene or/and ethane
through hydrogenation that may be a function of pH and oxidation reduction potential
(ORP).53, 54

Figure 2.1 PCE degradation includes multiple mechanisms in natural attenuation.
Source: He, Y.; Wilson, J.; Su, C.; Wilkin, R., Review of abiotic degradation of chlorinated so lvents by
reactive iron minerals in aquifers. Groundwater Monitoring & Remediation 2015, 35, (3), 57-75.

8

2.3.2 Hydrogenolysis
Hydrogenolysis is a reductive reaction where a carbon-chlorine bond is broken, and
hydrogen replaces chlorine. Simultaneously, two electrons are transferred to the molecule
from the electron donor (reductant).55, 56 The reaction can be described as follows:
RCl + H + + 2e– → RH + Cl–

(2.2)

Chlorinated ethenes and ethanes can be transformed through the hydrogenolysis process in
both biotic and abiotic systems.51 Butler and Hayes25 reported TCE underwent sequential
hydrogenolysis forming cis-DCE, followed by vinyl chloride, and then ethene in the
presence of iron sulfides and ZVI.
2.3.3 Dehydrohalogenation
In dehydrohalogenation reaction, chlorinated alkanes lose a chlorine atom from a carbon
atom dropping the hydrogen atom from an adjacent carbon atom and forming an
unsaturated double bond:51
RHCCl-CRH 2 → RHC=CHR + HCl

(2.3)

At pH ranging from extreme basic to neutral, this reaction has been observed in the
transformation

of

1,1,2,2-tetrachloroethane,

1,1-dichloroethane,

and

1,1,2-TCA.14, 57
2.3.4 Hydrolysis
Hydrolysis is a substitution reaction where chlorinated solvents react with water, in which
the chlorine atom is replaced by a hydroxyl group:
RCl + H 2 O → ROH + HCl

(2.4)

The products of hydrolysis can be alcohols and alkenes. Studies

14

have shown that the

more chlorinated a compound is, the less likely to be hydrolyzed. This reaction is important
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in the transformation of 1,1,1-TCA to acetic acid;51, 52 and it can also be found in the
dechlorination of halomethanes.53, 54

2.4 Reactive Iron Minerals in Transition Zones
In natural attenuation, reactive iron minerals precipitate in iron cycling between its ferrous
and ferric oxidation states through both abiotic and biotic reactions. Iron cycling (Figure
2.2) includes several processes: microbial Fe2+ oxidation; abiotic Fe2+ oxidation by
inorganic substrates; abiotic Fe2+ oxidation by organic substrates; Fe2+ sorption on
inorganic and organic surfaces; biological Fe3+ reduction; abiotic Fe3+ reduction by
inorganic substrates; and, abiotic Fe3+ reduction by organic substrates.58 Precipitation of
iron sulfides is affected by redox conditions and concentrations of sulfide in groundwater.2
The source of iron and sulfur plays an important role in iron cycling. The most common
source of dissolved Fe2+ is through the reduction of ferric oxyhydroxides.59, 60 On the other
hand, a major source of sulfide is through biotic reduction of sulfate. Under anaerobic
conditions, H 2 S can be generated from the sulfate reducing bacteria. In the process of iron
sulfide precipitation, disordered metastable mackinawite precipitates.2, 61 Subsequently,
mackinawite may be transformed to pyrite through three pathways include in the following
(Figure 2.3): (1) FeS reacts with S0 , polysulfides, or other S intermediates to form FeS 2 ; (2)
FeS transforms into FeS2 through greigite as intermediate; and, (3) FeS 2 is formed via the
H 2 S oxidation. He et al.1 summarized the primary factors limiting the formation of iron
sulfide minerals: the concentration and reactivity of iron compounds, the availability of
dissolved sulfate, and the concentration of organic carbon that acts as a carbon source for
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Figure 2.2 Concept of iron cycling through redox reactions in a natural system (POM:
particulate organic matter).58, 62
Source: Ionescu, D.; Heim, C.; Polerecky, L.; Thiel, V.; De Beer, D., Biotic and abiotic oxidation and
reduction of iron at circumneutral pH are inseparable processes under natural conditions. Geomicrobiol. J.
2015, 32, (3-4), 221-230.

sulfate-reducing bacteria to produce sulfide. In natural systems, the concentration of
reactive organic carbon becomes the most common limiting factor in bacterial sulfate
reduction. When sulfide is abundant, iron sulfide precipitation is limited by the source of
reactive iron minerals.
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Figure 2.3 Possible formation pathways from mackinawite (FeS) to pyrite (FeS 2 ).
Source: Butler, E. C.; Hayes, K. F., Kinetics of the Transformation of Halogenated Aliphatic Compounds by
Iron Sulfide. Environ. Sci. Technol. 2000, 34 (3), 422–429.
Hunger, S.; Benning, L. G., Greigite: a true intermediate on the polysulfide pathway to pyrite. Geochem.
Trans. 2007, 8, (1), 1.
Rickard, D.; Luther, G. W., Kinetics of pyrite formation by the H 2 S oxidation of iron (II) monosulfide in
aqueous solutions between 25 and 125°C: The mechanism. Geochim. Cosmochim. Acta 1997, 61, (1), 135147.

In RTZs, iron cycling results in a continuous process of precipitation and
dissolution both biotically and abiotically.2, 63, 64 Although the transition regime of interest
can be in the range of millimeters-to-decimeters (or more) in spatial scales,65 attempts to
characterize iron reactive mineral coatings in RTZs have resulted in limited success.1 A
significant issue in studying these systems is collecting sediment samples representative of
the in situ redox potential. Additionally, both the process of collecting a core and its
subsequent transport for laboratory analyses are prone to negatively impacting the redox
conditions, which affect the reactive iron mineral coatings. Ferrey et al.34 and Darlington
et al.39 attempted to reduce exposure to the atmosphere after collection. However, they
autoclaved samples in their studies, thereby impacting surface chemistry and mineral
coatings. Collecting samples in a water column without headspace may be an option;37 but
oxygen diffusion through sample containers including borosilicate glass may impact the
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redox condition. Although another method to possibly slow down the transformation
process involved freezing samples.40,

42

the freezing and thawing process itself may

potentially change the mineralogy of surface coatings and the rate of transformation is not
clearly understood.66, 67 Furthermore, analyses applied to these samples still need to resolve
the relatively low concentrations of the mineral coatings present in a complex matrix where
the redox condition is preserved. As a result, numerous studies have focused on labsynthesized reactive iron minerals.

2.5 Summary of Literature
The literature reviewed in this chapter included studies on the reductive transformation of
a variety of halogenated organic compounds by using reactive iron minerals. To evaluate
the efficiency of potential abiotic degradation, multiple techniques may be applied for
characterizing these mineral coatings. Four dehalogenation processes that are potentially
responsible for the transformation of contaminants include reductive elimination,
hydrogenolysis, dehydrohalogenation, and hydrolysis. As an important source of reactive
iron minerals in subsurface systems, iron cycling is strongly affected by the redox
transformation in the subsurface environment. These RTZs are expected to be significant
for iron sulfide mineral precipitation and COC dehalogenation. In the following chapter,
the research objectives and hypotheses are presented.
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CHAPTER 3
RESEARCH OBJECTIVES AND HYPOTHESES

Research objectives are included in the following:
•

Study an 18-m Anaerobic Core collected with the redox potential preserved from a
contaminated industrial site. A set of geochemistry screening analyses is employed
for identifying RTZs: sediment pH, sediment ORP, solid phase elemental
concentrations, O 2 and volatile organic compound (VOC) concentrations in the
sample head space.

•

Develop a protocol and methodology to characterize reactive iron mineral coatings
in RTZs.

•

Evaluate the change in the surface coating mineralogy as a function of depth in
RTZs XRD and FESEM/EDX to assist in resolving surface chemistry, mineralogy,
and morphology at the micro- and nano-meter scale.

•

Develop models of natural attenuation of COCs by iron mineral coatings in RTZs.

Specific hypotheses being tested in this research include:
•

Abiotic and biotic reactions that play an important role in contaminant
transformation occur at/very near the mineral-water interface.

•

Surface reactivity of interest is most significant in RTZs.

•

The speciation and morphology of precipitates forming on the surface of bulk
mineral phases control the desired (a)biotic reactions and are a signature of the
biogeochemical processes that are active.
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CHAPTER 4
MATERIALS AND METHODS

This chapter reviews the methodology used to obtain an Anaerobic Core from an industrial
site with historic contamination. The chapter continues with the process for storing the core,
collecting subsamples from this core, and studying the reactive iron mineral coatings found
in RTZs.

4.1 Study Site Description
The study site had a long history of chemical processing and subsurface contamination.
Geologically, there is approximately 150 m of unconsolidated Coastal Plain sediment
deposited during the Holocene Epoch, Pleistocene (Quaternary period) Epoch, and
Cretaceous Period. Igneous and metamorphic rocks of the Wilmington Complex
unconformably underlie the Coastal Plain sediment. These Pleistocene sediments are
fluvial, estuarine, and marginal marine in origin. With a site history of industrial operation
in producing such products as aromatic chemicals and elastomeric polymers, NAPLs were
discovered in the subsurface migrating to deeper sandy aquifers. Although pump-and-treat
is in place for containing contaminant migration off-site, COCs such as (di-)chlorobenzene,
are still detected at relatively high concentrations. Other contaminants include aniline,
benzene, chloroform, nitrobenzene, tetrachloroethylene (PCE), trichlorofluoromethane
based on groundwater samples collected from adjacent coring location.
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4.2 Sampling, Transportation, and Preservation
The Anaerobic Core was collected in the Detailed Study Area using a 10.2-cm (4-in)
diameter by 3-m (10-ft) long hybrid Vibracore core barrel with a Rotosonic drill rig.
Following the on-site sample collection protocol, twenty-seven 0.6-m (2-ft) steel-lined
sediment cores with stainless steel disks secured at the ends were vertically loaded and
sealed in argon-purged PVC tubes; the cores were transported to New Jersey Institute of
Technology for further sampling and geochemical analyses. This procedure has been
referred to as Biogeochemical Coring and Preservation Methods described by Richard
Landis.3
The cores were jacked into 5-cm (2-inch) subsamples in an oxygen controlled (<
0.1 ppm O 2 concentration at steady state) glovebox with 99.999% N2 and a copper catalyst
to trap O 2 . Each 5-cm subsample was preserved through a triple-layer containment system
to prevent oxygen diffusion and chemical corrosion from VOCs in the sediment. Sediment
samples were loaded into DURAN ® borosilicate glass containers capped with aluminum
foil and polytetrafluoroethylene-film-lined lids. Containers were placed in Mylar bags
heat-sealed with oxygen indicators and absorbers, and then loaded into high-density
polyethylene Nalgene™ jars for handling. A total of 225 5-cm subsamples were preserved
at 4 ℃ to minimize the effect of transformation processes.

4.3 Screening Analyses and Transition Zone Identification
RTZs were determined based on the previous screening study by Yin et al.68 that included
elemental composition using XRF (Niton™ XL3t GOLDD+ XRF Analyzer with built-in
soil and mine models) with EPA Method 6200,69, 70 sediment pH,71, 72 sediment ORP,73
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VOC concentration in the sample headspace with a photoionization detector (MiniRAE
3000 Photoionization Detector with 11.7 eV Lamp), 74 and abundant bacteria. The sediment
pH and ORP were measured with an Orion Star A211 Benchtop Meter (Thermo Scientific).
Five grams of samples were collected from every subsample and sediment pH was
measured with a calibrated probe (8302BNUMD, Thermo Scientific) after mixing 0.01 M
CaCl2 solution with the sediment to liquid ratio of 1:3 (w/v) under room temperature.75
Sediment ORP measurements were collected with a sediment/deionized (DI) water ratio of
1:4 (w/v) with an ORP probe (9179BN, Thermo Scientific). 73
The microbial community was analyzed by amplification of the 16S rRNA gene
V4 region using primers described previously, 76 sequencing DNA from each subsample to
a read depth of greater than 50,000 reads. Sequences were then error corrected, and subject
to de novo operational taxonomic unit (OTU) clustering. The relative abundance of each
OTU was determined in each sample (Figure 4.1), and the Mothur analysis pipeline77 was
used to generate genus level taxonomic assignment of the OTUs.
The gradients of key parameters including Fe, S, and ORP along with the microbial
data provided important evidence for RTZs. Five transition zones are identified along with
geological layers as follows (Figure 4.1):
•

Upper Zone (depth below the surface (DBS) from 4 to 4.6 m; B-Aquifer)

•

Zone 1 (DBS from 6.4 to 7 m; interface of B-C Clay and C-Aquifer)

•

Zone 2 (DBS from 9.5 to 10.7 m; interface of C-Aquifer and D-Aquifer)

•

Zone 3 (DBS from 14.6 to 15.3 m; interface of D-Aquifer to D-E Clay)

•

Lower Zone (DBS from 19 to 20.1 m; D-E Clay)
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Figure 4.1 Locations of five transition zones along with screening data.
Source: Yin, X.; Hua, H.; Burns, R. F.; Fennell, D.; Dyer, J. A.; Landis, R.; Axe, L., Identifying Redox Transition Zones in the Subs urface from a Site with
Historical Contamination. Science of the Total Environment 2020, https://doi.org/10.1016/j.scitotenv.2020.143105.

4.4 Water Chemistry
Subsurface hydrogeologic and water chemistry data were collected by a Waterloo MultiLevel System (MLS) which was previously installed in the same area adjacent to the
location of the sediment core. Data used in this study are from samples collected from 13
individual sampling ports at depths between 1.7 and 18.1 m depth below the surface (DBS),
and analyzed following U.S. Environmental Protection Agency (EPA) standard methods
(e.g., Method 150.2, 353.2, 300.0, 6010B, and 6260B). The MLS data include nitrite, pH,
dissolved oxygen, chloride, Fe2+, dissolved sulfate, and COCs.

4.5 Sequential Extraction
Sequential extraction (SE) was applied to help quantitatively analyze surface mineral
coatings in RTZs as reported in an earlier study.78 The procedure of SE (Table 4.1) was
conducted in the glovebox and involves six steps for isolating Fe phases. The concentration
of iron extracted from each phase was measured for each 5-cm subsample from the RTZs
with total Fe based on XRF elemental analysis. 78 In each step, an extract of 10 ml was
centrifuged and diluted for Fe concentration measurement by atomic absorption or
inductively coupled plasma mass spectrometry. The sample residue was rinsed with
deionized water between each step of the SE process.

4.6 XRD Analysis
XRD analysis is widely used in mineral identification using search and match tools with
standard mineral patterns based on the International Centre for Diffraction Data (ICDD)
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Table 4.1 Six-step Sequential Extraction for Iron Phases in Sediment
Step Targeted iron species

Extractant

1

Ion exchangeable Fe

1 M MgCl2 ,
pH 7

2

Carbonate Fe: Siderite

1 M NaAc, pH
4.5

3

4

Extract Adapted Reference
volume Time
(ml)
45, 79
10
3h

10

40 h

45

Poorly crystalline: (the
1 M HCl
recovery from standard
mineral of Calff’s study:
Ferrihydrite (98%),
Schwertmannite
(>98%),
Jarosite (65%), Hematite
(30%),
Magnetite (9%)

10

11 h

80, 81

Reducible oxides:

50 g/L sodium
dithionite
buffer to pH
4.8 with 0.35
M acetic
acid/0.2 M
sodium citrate
solution

10

7h

45

Goethite, Akaganeite,
Hematite

5

Magnetite

0.2 M
Ammonium
oxalate buffer
to pH 3.2 with
0.17 M oxalic
acid solution

10

6h

45

6

Targets Pyrite (>98%)

15.9 M HNO 3

10

4h

82
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and Inorganic Crystal Structure Database (ICSD) Databases. In this study, two subsamples
were collected from each 5-cm sample for XRD analysis (with Philips, EMPYREAN
system, and Cu K-α radiation source at 45 kV and 40 mA). Sediment samples were
mounted in holders sealed with 1 mil of Kapton film to prevent oxygen diffusion during
the 23-minute scans. Each sample was scanned from 10 to 100⁰ 2θ with 0.026 ⁰ step size at
100 s per step using a 255-active-channel detector. The interpretation was based on the
ICDD and ICSD Databases along with the XRF data on bulk elemental composition. A
semi-quantitative analysis provided estimated mass fractions of the accepted phases. The
scale factor and the reference intensity ratios (RIR) (also known as I/I c values) were used
to perform the calculation (1% by wt. detection limit). 83 A scoring system (0 - 100%)
showed the goodness of fit between reference pattern lines and the scan/peak features. The
identification and semi-quantification programs were performed using PANalytical’s
HighScore plus (ver. 3.0.5) software. For the purpose of identifying and tracking the
changes in critical peaks, all diffractograms were scaled based on the quartz (SiO 2 )
standard intensity and peak location (Appendix A). This adjustment involved a potential
shift in the pattern along the X-axis caused by small variations in the distance between the
sample surfaces to the X-ray source.
XRD semi-quantitative analysis for both bulk and mineral coatings involved what
is referred to as a “100% approach” which is based on the mineral RIRs and scale factors
that assume all detected phases make up 100% of the minerals present. This approach is
based on two assumptions: (1) the orientation in the samples is uniform for all mineral
phases in a mixture, and (2) the RIRs should be the same for all particles of one phase
regardless of the natural heterogeneity of these mineral coatings in soils. 84 The semi-
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quantification of mineral coatings was limited to iron-related minerals. Water content
potentially decreases the peak intensity, the full-width at half-maximum (FWHM) of the
peak, and even slightly shifts the peak location depending on the orientation of the mineral
lattice.85
The accuracy of XRD analysis has been demonstrated to be limited when
quantifying mineral coatings at concentrations less than approximately 1 to 5% by weight.1
Two issues confounded the diffractogram interpretation. First, the signal from quartz is
significantly greater than other minerals and diminishes the signal from both (other) bulk
and mineral coatings. In this research, to assist in the identification, elemental compositions
according to XRF results were applied to constrain the potential mineral candidates
especially for mineral coatings. Increasing the scanning time helped in distinguishing some
of the weaker peaks; however, the scanning time was limited by the rate of oxygen
diffusion through the Kapton film. Second, feature peaks of mineral coatings and clay
minerals were potentially indistinguishable because of stronger intensities from the bulk
mineral peaks or the broad peaks (from 13 to 18⁰ 2θ in XRD diffractograms) from
amorphous minerals. To diminish potential interferences from sediment water content,
Mylar film, limited scanning time, and overwhelming signals from bulk as well as
amorphous clay minerals, techniques applied included multiple scanning channels, XRF
elemental restriction, and a scoring system were applied; as a result, the accuracy and
efficiency of the analyses of reactive iron coatings were enhanced.
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4.7 FESEM/EDX Analysis
FESEM/EDX analysis can provide high-resolution images of the morphology of reactive
mineral coatings on bulk mineral surfaces from micrometer to nanometer scales with
surface elemental mapping and identification assessed with EDX. A LEO 1530 FESEM
equipped with EDX (Inca series 200) was applied in this study. Before the analyses,
samples were transferred (Quorum EMS 150T ES) into a nitrogen-purged glove bag (O 2 <
1%) and coated with Au/Pd metal layer (between 5 and 10 nm) to preserve the redox
condition and improve the conductivity of the sample surface. FESEM analysis began with
low magnification: (1) Evaluate grain size; (2) Select four to five random locations to
conduct EDX mapping at a working distance of 6 mm and magnification of 1500×.
Locations with elevated Fe and/or S concentrations were further probed at high
magnification with nanoscale FESEM images of morphology and composition. Mineral
identification was based on morphology, element composition, and atomic ratio; this
surface coating mineralogy was resolved and corroborated with XRD.
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CHAPTER 5
CHARACTERIZING REACTIVE IRON MINERAL COATINGS
IN REDOX TRANSITION ZONES

Analytical results from XRD and FESEM/EDX are discussed in this chapter and focus on
the reactive iron mineral coatings observed in the Upper Zone (DBS from 4 to 4.6 m) and
the Zone 1 (DBS from 6.4 to 7 m). The unique morphology of mineral coatings are
highlighted in the figures suggesting transformation pathways and geochemical
environments specific to the transition zone studied.

5.1 XRD Diffractograms
The XRD diffractograms from the Upper Zone and Zone 1 reveal a broad peak between 13
and 18⁰ 2θ in most samples indicating the presence of amorphous minerals. The three
dominant bulk minerals observed in most samples include quartz, clinochlore, and
muscovite with the main peaks at 27⁰ 2θ (3.3 Å) for quartz (used to correct the shift), 12⁰
2θ (7.2 Å) for clinochlore, and 25⁰ 2θ (3.5 Å) and 28⁰ 2θ (3.2 Å) for muscovite. Zone 1
located in an aquitard-aquifer transition zone is distinguished from the Upper Zone by a
higher concentration of clay minerals, muscovite and clinochlore (Figure 5.1). On the other
hand, albite and anorthite from the feldspar group were also detected as primary minerals
in the Upper Zone. Additionally, zeolite minerals were found to be possible candidates
based on remaining XRD peaks, which potentially transformed from aluminosilicate
precursor minerals

86

of the feldspar group and other bulk minerals detected.
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The signal intensity from mineral coatings was much weaker than from bulk minerals, but
stronger than the background. To narrow the scope of potential mineral coatings of interest,
the analysis was constrained to minerals composed of elements that were abundant based
on XRF and included Si, Fe, Al, Ti, S, and P. Compared to the weaker signal from poorly
crystalline and amorphous iron mineral coatings such as mackinawite, greigite, and
ferrihydrite, crystalline coatings such as magnetite, siderite, pyrite, goethite, and
lepidocrocite were generally more clearly detected. In the Upper Zone, located in a shallow
aquifer layer, Fe(III) mineral coatings dominated over the Fe(II) and Fe(II)/(III) minerals
in most samples. Fe(II) minerals such as mackinawite and pyrite were observed in samples
less rich in Fe(III) minerals and from a more reduced environment overall (Figure 5.1).
The redox shift occurred at the bottom of the Upper Zone where reduced iron mineral
concentrations increased with a corresponding decrease in the Fe(III) fraction. Given the
complex nature of the sediment, the redox potential measured in the sediment samples
likely represents a nonequilibrium condition. 68 Within Zone 1 which is abundant in clay
minerals, a greater fraction of total iron mineral coatings was found as compared to the
Upper Zone; this result is consistent with the concentrations of Fe and S measured in the
screening with XRF.68 Furthermore, Fe(II)/(III) minerals were found to a greater degree in
Zone 1 versus the Upper Zone. Although reduced conditions were dominant throughout
Zone 1, Fe(III) minerals were observed and peaked in the deepest samples at a DBS of 6.65
to 6.76 m. Samples with lower S concentrations were found in the shallowest and deeper
portions of Zone 1, where siderite may be a more abundant reduced iron mineral coating.
Pyrrhotite was also found in most samples throughout this zone;
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Figure 5.1: XRD identification and semi-quantification results for bulk minerals as well as iron related mineral coatings in the
Upper Zone (DBS from 4 to 4.6 m) and Zone 1 (DBS from 6.4 to 7 m).

although the main peaks are more difficult to detect given the greater signal (the broad
peak) from amorphous minerals that overlapped the pyrrhotite peaks. As a result, the
presence of pyrrhotite cannot be distinguished by XRD alone and requires other tools such
as SE and FESEM/EDX.

5.2 FESEM/EDX Analyses
The Upper Zone is the shallowest RTZ at a DBS of 4 to 4.6 m and located in a shallow
aquifer layer. The most abundant aggregates of iron sulfide minerals in this zone were
observed in clay lenses at a DBS of 4.27 to 4.42 m. Mineral coating morphology in these
clay layers (Figure 5.2A and B) is unique, revealing subspherical framboids composed of
cubic to octahedral microcrystals with individual grains ranging from 200 nm to 1 μm.
EDX identification reveals Fe/S atomic ratios of 0.62 and 0.72, consistent with greigite
(Fe3 S4 ) having a Fe/S ratio between that for mackinawite (FeS) and pyrite (FeS 2 ). Greater
than 50% of the iron-sulfide mineral coatings found were in the form of framboidal greigite
throughout this zone. Interestingly, framboidal pyrite (Figure 5.2C) was found abutting
greigite framboids (Figure 5.2D) revealing a potential transformation pathway. 87 Other
identified mineral coatings included mackinawite and gypsum (CaSO 4 ·2H 2 O) (Figure
5.2F).
Zone 1, a RTZ deeper than the Upper Zone, is located at a DBS of 6.35 to 6.96 m;
the zone is dominated by an aquitard (that transitions to an aquifer) abundant in sulfiderich coatings (Figures 5.3A, B, and C). However, in contrast with the Upper Zone, granular
pyrite (Figure 5.3A) with a larger grain size (of approximately 3 μm)
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Figure 5.2: Mineral coatings observed in the Upper Zone by FESEM. A and B: framboidal greigite; C: framboidal pyrite;
D: spherical framboids of greigite, and some greigite on the left framboid are transforming into pyrite; E: mackinawite is
developing cubic structures; and F: Gypsum.

Figure 1.3: Mineral coatings observed in Zone 1 by FESEM along with EDX mapping of
O, S and Fe. A: pyrite; B and C: potential pyrrhotite with subpentagonal morphology; and
D: flaky aggregates of mackinawite.

29

than the pyrite grains in the framboidal structures was observed. Additionally, iron sulfide
grains of pyrrhotite were found in a pentagonal structure with Fe/S ratios of 0.72 and 1
(Figure 5.3B and C, respectively). Pyrrhotite was observed as a more crystalline structure
in contrast to mackinawite (Fe/S ratio of 1) (Figure 5.3D); the Fe/S ratio is consistent with
the stoichiometry of pyrrhotite (Fe1-x S (where x = 0 to 0.17)).
FESEM/EDX was effective in identifying and characterizing aggregated ironand/or sulfide-rich mineral coatings. However, this approach requires that mineral coatings
be elementally recognizable from the bulk mineral surface at micrometer (μm) resolution
during the elemental mapping phase. For this reason, when iron oxyhydroxides precipitate
without aggregating on the surface, the minerals may not be as distinguishable during
elemental mapping. In general, locations rich in iron sulfide mineral coatings were found
to be present to a greater degree in Zone 1 as compared to the Upper Zone. This observation
is consistent with the elemental concentrations of Fe and S in sediment based on XRF
screening.68 Iron sulfide mineral coatings revealed atomic Fe/S ratios between 0.4 and 1.4.

5.3 Iron Coating Sulfidation and Precipitation
To better understand MNA processes in the subsurface systems, contributions from the
ferrous sulfides coatings need to be addressed as these mineral surfaces are important
indicators of on-going biogeochemical reactions in RTZs. Among the reactive iron mineral
coatings, mackinawite (FeS) has been reported as one of the most reactive minerals in
abiotic dehalogenation processes given its large surface area and reaction rate of constants
determined in lab studies.35 However, the presence of mackinawite in natural sediment
systems are rarely reported because of its sensitivity to oxygen and other oxidizers. In our
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XRD analysis, mackinawite was detected as a small broad peak at 5 Å (17.7⁰ 2θ) in
diffractograms representing the distance between the tetragonal layers with each Fe atom
bonded to four sulfur atoms; the iron sheets are stacked and interact by van der Waals
forces.88 This peak is also reported to be broadened or almost undetectable in other earlier
studies because of its high sensitivity to residual oxygen during analyses. 2

Using

FESEM/EDX, the observed Fe/S ratios of mackinawite are relatively close to one;
consistent with other reports of 0.99 ± 0.02. 89 Because of its nanoparticle grain size,
elemental mapping revealed locations of elevated S concentrations with no well-defined
boundaries on the bulk mineral surface (Figure 5.3D).
Pyrite, a thermodynamically stable form of iron sulfide found in sediments with
little to no oxygen, has a crystalline NaCl-type structure with Fe(II) atoms in octahedral
coordination with disulfide making up the FeS 2 stoichiometry. Pyrite is more readily
observed with XRD than other iron sulfide minerals. Despite differences in grain size and
packing structure, pyrite was observed in both the Upper Zone and Zone 1 with XRD
(Figure 5.1), EDX mapping, and FESEM/EDX identification (Figure 5.3A). Two unique
morphologies were found, framboidal and granular (also known as euhedral), in the
transition area from the aquifer with clay lenses and an aquitard, indicating unique
transformation pathways.90
Pyrite, a thermodynamically stable form of iron sulfide found in sediments with
little to no oxygen, has a crystalline NaCl-type structure with Fe(II) atoms in octahedral
coordination with disulfide making up the FeS 2 stoichiometry. Pyrite is more readily
observed with XRD than other iron sulfide minerals. Despite differences in grain size and
packing structure, pyrite was observed in both the Upper Zone and Zone 1 with XRD
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(Figure 5.1), EDX mapping, and FESEM/EDX identification (Figure 5.3A). Two unique
morphologies were found, framboidal and granular (also known as euhedral), in the
transition area from the aquifer with clay lenses and an aquitard, indicating unique
transformation pathways.90
The presence of greigite surface coatings is another iron sulfide mineral indicative
of specific transformation processes.87 The Fe(II) and sulfide atoms in the greigite structure
theoretically can function as electron donors during abiotic dehalogenation; however, it’s
role with chlorinated solvents has not been reported. Although not measured directly, a
comparison of abiotic degradation rates in bench-scale studies with mackinawite, pyrite,
and iron oxides27, 66 suggests that greigite, a thermodynamically metastable phase, is
potentially more reactive than stable phases such as pyrite and magnetite. In the anaerobic
cores, greigite framboids were observed in shallow aquifer layers only (the Upper Zone)
by FESEM/EDX. In XRD analysis, isolating the greigite signal in the presence of
mackinawite is difficult as both are structurally cubic, close-packed arrays of S atoms
linked by smaller Fe atoms sharing the structural arrangement of (001). 91, 92 In FESEM
images, greigite shows spherical or sub-spherical packs of small cubic or octahedron
particles (Figure 5.2A, B, and D). Greigite does not precipitate directly from solution, but
instead transforms from mackinawite via an oxidation process,93 eventually converting to
pyrite via the following reaction pathway:94
3FeS + S0(s) → Fe3 S4

(5.1)

Fe3 S4 + 2S0(s) → 3FeS2

(5.2)

This pathway conceivably takes place in the aquifer layer (the Upper Zone) where
mackinawite, framboidal greigite, and framboidal pyrite were all observed. The
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transformation process was found (Figure 5.2D) with microcrystalline framboidal greigite
abutting framboidal pyrite. Mackinawite was also observed developing cubic faces and
edges in this same zone (Figure 5.2E). Evidence suggests the following transformation
pathway of FeS(amorphous) → mackinawite → greigite → pyrite in the Upper Zone. Moreover,
the presence of greigite in natural sediment systems has been reported to be related to a
seasonal redox cyclicity and changes in the water table.95 Throughout the Anaerobic Core
samples, framboidal greigite was only observed in the Upper Zone, which is the shallowest
RTZ with a sediment ORP observed between +76.1 and +538 mV. Because the formation
of greigite from mackinawite results in two thirds of Fe(II) oxidation to Fe(III), the
dynamic redox environment may be related to a fluctuating sediment redox that contributes
to this transformation pathway. As a result, the presence of framboidal greigite may be
considered an important indicator of RTZs.
In Zone 1 which transitions from an aquitard to aquifer, iron sulfide minerals were
more abundant with clay mineral coatings of mackinawite, granular pyrite, and pyrrhotite,
unique from the framboidal pyrite and greigite observed throughout the Upper Zone.
Without morphological evidence of greigite, the potential abiotic transformation pathways
of iron sulfides in Zone 1 may proceed by one of two routes when greigite is not present:
(1) mackinawite reacts with S 0 , polysulfides, or other S intermediates to form pyrite, 30, 96
or (2) H 2 S is oxidized and mackinawite transforms to pyrite.97 Both pathways may play a
role in Zone 1. The greater presence of iron sulfide coatings observed in Zone 1 as
compared to other RTZs may be explained by the elevated concentrations of sulfur and
iron as well as the more reduced geochemical environment. Given a reduced sediment ORP
(-63.5 to +138 mV) and neutral pH (6.3 to 7.5), sparingly soluble iron sulfide minerals
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precipitate. Based on a statistical analysis of atomic ratios for iron sulfid e coatings,
minerals observed fall between pyrite and mackinawite suggesting an active transformation
pathway. Interestingly, clay lenses in Zone 1 are present to a greater degree compared to
the Upper Zone, which may also help to explain the formation of iron sulfide coatings.
Clay minerals possess large surface areas supporting FeS clusters and related
microorganisms.98 These biogeochemical processes include reduction of Fe(III) minerals
to Fe2+ with iron-reducers (e.g., Geobacter), and sulfate reduction with possibly
Desulfosporosinus.

5.4 Pyrrhotite Characterization
As an iron (II) sulfide, pyrrhotite (Fe7 S8 , also given as Fe1-x S (x = 0 to 0.17)), a
thermodynamically stable form of iron sulfides, is expected to be highly reactive in abiotic
dehalogenation.38 X-ray diffractograms reveal that pyrrhotite was observed throughout the
two RTZs studied with its main peak located in the broad amorphous peak (from 13 to 17⁰
2θ). Further corroboration with FESEM/EDX demonstrated its presence in Zone 1 (Figure
5.3B and C) based on its characteristic pentagonal morphology as well as its composition
and atomic ratio; the microcrystalline form is either hexagonal (Fe 10 S11 ) or monoclinic
(Fe7 S8 ). The formation of pyrrhotite from hematite and magnetite through biotic processes
has been reported.99, 100

5.5 Magnetite Related Biogeochemical Processes
XRD results indicate that magnetite is widely distributed in clay lenses; however, aggregate
clusters of magnetite were not observed in the FESEM/EDX data in this study. On the other
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hand, because of its nanometer-scale particle size, magnetite may not have been
distinguishable. In a number of studies,31, 101-104 abiotic dehalogenation of chlorinated
solvents has been investigated using magnetite and dissolved Fe(II), where the Fe 2+ ion
adsorbs on the mineral surface through a ≡Fe-O-Fe2+ structure (≡Fe refers to structural iron
in minerals). Dehalogenation has also been attributed to structural Fe2+ on the surface of
magnetite.105, 106 Magnetite shares the same atomic structure with greigite; both are inverse
spinels. One potential pathway for magnetite transformation to pyrite is proposed to occur
under elevated sulfide concentrations (>1 mM).107 Moreover, new phases of iron
oxyhydroxides are possibly developed from sorbed Fe(II) through interfacial electron
transfer with structural Fe(III). 64, 108, 109 Magnetite nanocrystals have been reported to
precipitate as individual nanoparticles through abiotic coprecipitation of ferrous and ferric
ions in the aqueous phase, where cubo-octahedral-shaped particles form approximately 10
nm in size.102

5.6 Siderite Characterization
Siderite is an iron (II) carbonate mineral that is sensitive to oxidizing agents. 1 This mineral
coating was observed in samples with relatively lower sulfur concentrations and abundant
in deeper reduced aquifer layers. Although it has not been studied extensively, siderite is a
reactive iron mineral that was used along with adsorbed Fe 2+ to treat carbon tetrachloride.27
The dehalogenation rate of reaction with siderite was four orders of magnitude lower than
with mackinawite under the same experimental conditions. Each iron (II) atom in the
siderite crystal is in octahedral coordination with CO 3 2- ions. The iron atoms can be
substituted by other metal atoms in close atomic size such as Mn(II), Mg(II), and Ca(II),
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forming different minerals with a similar structure. As a result, when siderite is found,
rhodochrosite (MnCO 3 ), magnesite (MgCO 3 ), and calcite (CaCO 3 ) are often present.
However, siderite did not appear to form distinguishable structures as it was not observed
in FESEM/EDX analyses. In RTZs deeper than Zone 1, siderite was more commonly
observed as a dominant Fe(II) mineral coating, where sulfides were not found; this may be
because of the decreased availability of organic carbon and sulfate that impacts the S cycle.

5.7 Iron Oxyhydroxides and Gypsum
In RTZs, iron oxyhydroxide coatings detected include goethite, hematite, ferrihydrite, and
lepidocrocite, and were ubiquitously distributed over the bulk mineral surfaces. The
diameter of these iron mineral coatings ranged from several nanometers to tens of
nanometers. In FESEM/EDX analyses, irregularly shaped aggregates of ferrihydrite
nanoparticles were observed along with nanoflakes of lepidocrocite in the elevated ironbearing sediment samples. The intensity of their primary peaks in XRD is weak compared
to bulk minerals but nevertheless recognizable. In EDX mapping, Fe is uniformly observed
throughout the surface. Fe(III) minerals and sulfate play important roles as electron
acceptors for dehalorespirating bacteria in subsurface systems when oxygen is absent. Iron
oxyhydroxide minerals have been studied along with sorbed Fe 2+ in the dehalogenation of
chlorinated solvents.
In more oxidized regions, gypsum (CaSO 4 ·2H 2 O) was observed as well and has the
lowest solubility among all calcium sulfate minerals. These coatings were found in sulfurrich zones both in aquifers and aquitards. From FESEM, characteristic thin to thick tubular
morphologies were imaged, sometimes forming rosette-like clusters (Figure 5.2F). The
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presence of oxidized forms of Fe- and/or S-related minerals along with reducing bacteria
suggests active cycling of iron and sulfur in dynamic systems for the two RTZs studied.

5.8 Summary
Using complementary analyses, reactive iron mineral coatings in two RTZs from an
industrial site with historical contamination were characterized where the in situ redox
conditions were preserved. XRD revealed trends in bulk mineralogy and mineral coatings
in these transition zones; changes in the Fe(II) and Fe(III) coatings demonstrated shifts in
redox conditions. Framboidal pyrite was observed abutting framboidal greigite in the
Upper Zone clay lenses. This structure is unique from the granular pyrite found in the Zone
1 aquitard suggesting different iron sulfide transformation pathways for the two zones.
These structures are morphologically significant and require further study on pyrite coating
nucleation and crystallization in RTZs. Zone 1 exhibits are more reduced redox potential
than the Upper Zone and is rich in reactive, metastable mineral coatings. With Zone 1
transitioning from an aquifer to an aquitard, both bulk clay minerals as well as reactive iron
mineral coatings are present to a greater degree as compared to the Upper Zone. Iron sulfide
was found as flaky aggregates of mackinawite as well as pyrite and pyrrhotite in Zone 1.
Based on the reactive mineral coatings observed in RTZs, abiotic dehalogenation is
expected to be significant.
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CHAPTER 6
GEOCHEMICAL STUDY ON REACTIVE IRON MINERAL COATINGS
IN REDOX TRANSITION ZONES

In this section, based on geochemical analyses targeting iron mineral coatings, along with
water chemistry and microbial data, potential natural attenuation processes in RTZs from
the Anaerobic Core were delineated and evaluated. Given multiple lines of evidence he
shallowest two redox transition zones are expected to play a significant role in the
biogeochemical degradation of COCs. Reactions in other redox transition zones may be
slower where iron mineral coatings are not dominant.

6.1 Geological Layers, Potential Redox Transition Zones, and Contaminants
The Anaerobic Core crosses five geological layers (Figure 6.1) based on observation and
archived geological logs. In the shallowest layer, the B-Aquifer is located at DBS from 3
to 4.8 m and is dominant in yellowish brown sand with a greenish grey coated sand, clay
lenses, cobbles, and gravel. Within this layer, the first potential RTZ referred to as the
Upper Zone (DBS from 4 to 4.6 m, Figure 6.1) was identified based on an elevated
concentration of iron along with a gradient in sulfur extending over 1.3 orders of magnitude.
The B-C Clay is located at DBS from 4.8 to 6.3 m with cobbles, gravel, sand, and clayey
silt becoming prevalent as a function of depth. The change from light brown to darker green
and brown can be attributed to the shift in redox potential where mineral coatings transform
from oxidized iron minerals to a more reduced form. Another RTZ referred to as Zone 1
(DBS from 6.4 to 7 m, Figure 6.1) is located at the interface from the

38

39

Figure 6.1 Concentrations of Fe and S in sediment as a function of depth along with sediment color and composition, as well as microbial
community analysis. Geological layers identified are marked at the left side and RTZs are highlighted in light blue.
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B-C Clay to the shallow C-Aquifer where gradients in iron and sulfur concentrations were
found. The C-Aquifer (DBS from 6.3 to 10.5 m) is dominated by sand where a viscous
colloidal mass is observed in this layer, there is evidence of residual NAPL. The following
RTZ, Zone 2 (DBS from 9.5 to 10.7 m, Figure 6.1), is in this aquifer layer with relatively
low sulfur concentrations and iron concentrations that again have a steep gradient
decreasing as a function of depth (Figure 6.1). A relatively thin aquitard (approximately
0.5 m thick) separates the D-Aquifer (DBS from 10.5 to 15 m) from the C-Aquifer. Without
visible NAPLs, light brown sand with very little silty clay comprises the D-Aquifer. Deeper
in the D-Aquifer (approximately at DBS of 15 m), white clay lenses identified as kaolinite
with reddish brown striping from iron. The RTZ referred to as Zone 3 (DBS from 14.6 to
15.3 m, Figure 6.1) is located in this interface with low sulfur concentrations and gradients
in iron concentration. The deepest identified RTZ, the Lower Zone (DBS from 19 to 20.1
m, Figure 1), is located in what is referred to as the D-E Clay (4.2 m thick to the end of the
core); this with high-density and low-permeability kaolinite layer retards transport into
other layers.
The groundwater data from the MLS (Figure 6.2) shows that relatively high
concentrations of 1,2-dichlorobenzene, 1,3-dichlorobenzene, and 1,4-dichlorobenzene
were detected in the C-Aquifer and D-Aquifer. The high concentration of COCs in both
the C-Aquifer can be attributed to the presence of NAPLs observed at the same depth in
sediment. In the D-Aquifer, higher concentrations in the groundwater may be caused by
the accumulation of contaminants above the D-E Clay layer. A similar trend of
concentration is found for chlorobenzene. Other probed contaminants such as aniline,
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nitrobenzene, and benzene peaked at Zone 1, the transition interface from the B-C Clay to
the C-Aquifer.

6.2 Microbial Group Profiles
Based on the previous study,78 the five most abundant OTUs can explain up to 80% of the
bacteria genera: Methylobacterium, Geobacter, Acidovorax, Desulfosporosinus, and
Stenotrophomonas (Figure 6.1). Methylobacterium species are reported to be responsible
for the degradation of organics such as polycyclic aromatic hydrocarbons (PAHs) and
dichloromethane.111, 112 OTUs of Methylobacterium were found in the Upper Zone, Zone
1, and Zone 2. Species of Geobacter are generally considered as widespread iron-reducing
bacteria in anaerobic environments and have the ability to oxidize organic matter by
utilizing Fe(III) as an electron acceptor. 113, 114 OTUs of Geobacter are observed abundantly
in Zone 2. Some species from Acidovorax are reported as degraders of aromatic organics
such as PAHs115 and nitrate-reducing Fe(II)-oxidizers.116 These genera can be found
throughout most of the anaerobic sediment samples peaking between Zone 2 and Zone 3
in the D-Aquifer. Desulfosporosinus, a sulfate-reducing bacterium,117 has been reported in
organic- or metal-contaminated environments.118, 119 Species from Stenotrophomonas have
been identified as degraders for many organics including acenaphthylene, phenanthrene,
4-chloroanilines, chlorocatechol, and even high-molecular-weight PAHs.111, 120-122 These
genera were found in most samples above Zone 2, decreasing at greater depths.
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Figure 6.2 Concentrations of COCs and several inorganic species in groundwater from sampling conducted by AECOM110 as a function
of depth based on MLS data with geological layers and RTZs marked.
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6.3 Iron Mineral Coatings Profiles
6.3.1 XRD Analysis for Iron Mineral Coatings
Iron mineral candidates resolved in XRD analysis can be divided into three phases: Fe(II),
Fe(II/III), and Fe(III) (Figure 6.3; Appendices A and B). Fe(II) minerals include
mackinawite (FeS), pyrrhotite (Fe1-x S (where x = 0 to 0.17)), siderite (FeCO 3 ), and
pyrite(FeS2 ). Mackinawite is a metastable, highly reactive monosulfide that is sparingly
soluble, exhibiting a large surface area and precipitating under reduced conditions. 123 The
most intense peak from mackinawite was detected at 5 Å (17.7⁰ 2θ) in diffractograms.124
Pyrrhotite was found in most samples throughout RTZs where its main peaks are
overlapped by the broad peak (from 13 to 18⁰ 2θ in XRD diffractograms) from amorphous
minerals; its presence requires further confirmation through SE and FESEM/EDX. Pyrite
is a thermodynamically stable form of iron sulfide normally found in sediments with little
to no oxygen. Siderite forms under reduced conditions with low sulfur concentrations. The
only Fe(II)/(III) mineral resolved with XRD is magnetite (Fe 3 O4 ). Fe(III) minerals included
goethite (α-FeO(OH)), ferrihydrite (generally considered as 5Fe 2 O 3 ·9H 2 O),125 hematite
(Fe2 O 3 ), and lepidocrocite (γ-FeO(OH)). Reactive iron mineral coatings are susceptible to
the ambient microenvironment through related biogeochemical reactions at and near the
mineral-water interfaces. Among the RTZs studied with XRD, shifting of iron mineral
coatings between Fe(II), Fe(II/III), and Fe(III) phases suggests dynamic redox
environments. In the Upper Zone, Fe(III) species are dominant at shallower depths.
Meanwhile, deeper in this zone, signals from Fe(II) minerals such as mackinawite, siderite,
and pyrite reveal themselves with a corresponding decrease in the Fe(III) minerals,
indicating a more reduced condition. In Zone 1, where the greatest concentration of iron
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Figure 6.3 Iron mineral coatings identified using XRD in the Upper Zone, Zone 1, Zone
2, and Zone 3, along with iron concentrations based on SE. FESEM images of reactive iron
mineral coatings found in RTZs include (A) framboids of pyrite and greigite, (B)
octahedral greigite, (C) mackinawite, (D) euhedral pyrite, (F) amorphous iron
oxyhydroxide coatings, and (G) kidney-shaped hematite.

44

mineral coatings is found, the sediments are relatively reduced with Fe(II)/(III) phases at
shallower depths and an increase in Fe(III) mineral coatings at the deeper depths, peaking
at 6.65 to 6.76 m DBS. Within Zone 2, the trend of the redox transition is not as obvious
as in the Upper Zone and Zone 1. The concentration of iron mineral coatings decreases to
less than 10,000 ppm with siderite being the most dominant Fe(II) mineral present. In Zone
3, iron sulfide coatings can be found in the shallowest samples; however, Fe(III) mineral
coatings are overall prevalent in this zone. The significant variability in iron coating
concentrations in this zone may be attributed to reduced transport in the highly dense
kaolinite aquitard.
6.3.2 Sequential Extraction
The six-step SE is an approach for quantifying Fe minerals that include ion exchangeable
Fe, carbonate Fe, poorly crystalline Fe minerals (e.g., mackinawite and ferrihydrite),
reducible iron oxides (e.g., goethite, lepidocrocite, and hematite), magnetite, and
pyrite/pyrrhotite (Table 4.1; Figure 6.3). In previous analysis,78 total extracted iron was
compared to the total Fe concentration determined with XRF; and while there is
heterogeneity in the sediment, system errors in SE processes accumulate between each step
of extraction and contribute to uncertainty in the mass balance. In addition, Fe associated
with silicates in the bulk minerals were not extracted. Generally, the trend of Fe mineral
coatings is somewhat consistent with XRD (Figure 6.3). In the RTZs studied, reduced iron
phases of pyrite/pyrrhotite and poorly crystalline Fe minerals (including mackinawite)
were found to be most abundant in the Upper Zone and Zone 1. Particularly for Zone 1,
where the highest concentrations of iron mineral coatings were found when compared to
other RTZs, reactive iron sulfide coatings of pyrite/pyrrhotite and poorly crystalline phases
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made up approximately 40% of the total extracted Fe (Figure 6.3). Interestingly, in Zone
2, the total concentration of extracted iron phases dropped dramatically as a function of
depth. Among all extracted iron phases, the concentrations of reducible oxides and poorly
crystalline minerals decreased, which is likely a result of their loss in biogeochemical
reactions. In Zone 3, extracted iron ranged from approximately 2,700 to 59,000 ppm and
the trend was in agreement with other analyses including XRF and XRD.
6.3.3 FESEM/EDX Analyses for Mineral Coatings
In the EDX mapping analysis, iron sulfide minerals (such as mackinawite, pyrite, and
pyrrhotite) and iron oxyhydroxides are generally more easily probed given that mineral
coating aggregates formed on the bulk mineral surface (Figure 6.3A to G)

124 . The

iron

sulfides were observed in the Upper Zone and Zone 1, where the atomic ratio of iron to
sulfur (Fe/S) ranged from 0.4 to 1.4 (Figure 6.4). Higher concentrations of the iron sulfide
coatings were found in Zone1 than in the Upper Zone, and these locations were resolved
based on both EDX mapping Fe and S locations and FESESM analysis. Interestingly, in
the Upper Zone, the mineral coating of greigite is observed as spherical framboids with
FESEM. However, signals from greigite are not picked up by XRD as it exhibits a similar
mineral lattice as mackinawite

92 . Framboidal

greigite in the Upper Zone is found abutting

framboidal pyrite and is indicative of the transformation pathway from mackinawite to
pyrite through the intermediate greigite

87 . However,

distinct from the Upper Zone, pyrite

in Zone 1 presented as granular particles without greigite revealing a different pathway.
Moreover, the presence of pyrrhotite coatings was confirmed only in Zone 1 with
FESEM/EDX identification, which supports a reduced environment. Iron oxyhydroxide
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coatings detected include goethite, hematite, ferrihydrite, and lepidocrocite, and they are
ubiquitously distributed on the bulk mineral surfaces throughout all RTZs.

Figure 6.4 Atomic ratios of Fe/S for all identified iron sulfide mineral coatings in the Upper
Zone and Zone 1 based on EDX elemental composition analysis.
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6.4 Fe and S Cycling in Redox Transition Zones
Active cycling of Fe and S in mineral coatings in RTZs is important in the transformation
of COCs through biogeochemical redox reactions. On one hand, oxidized phases including
Fe(III) minerals and sulfate minerals/compounds play a role as electron acceptors and
macronutrients in many co-metabolism and dehalorespiration processes in the biotic
transformation of chlorinated solvent.8, 9 On the other hand, reduced iron minerals have
been found important in the abiotic degradation of chlorinated organics.1, 35 The redox
status of iron mineral coatings to some extent represents the critical surface reactions with
related (a)biotic processes. Reduced iron minerals may initially precipitate from aqueous
phases containing Fe2+ and sulfide as iron monosulfides (e.g., mackinawite FeS (s)) in an
anaerobic environment.123 However, FeS(s) is a thermodynamically metastable form that
will transform into stable forms of iron sulfides (e.g., pyrite (FeS 2 )). In one abiotic
transformation pathway, greigite forms as an intermediate species through the partial
oxidation of mackinawite in the absence of O 2 (Reaction 5.1).126, 127 Greigite (Fe3 S4(s))
undergoes further transformation into pyrite.94, 100 In our work, framboids of pyrite and
greigite abutting each other in the Upper Zone are evidence of this transformation pathway
(Figure 6.3A) shown in Reactions (5.1) and (5.2). This pathway is also observed in natural
sediment of near-shore, shoreline, and freshwater systems with oscillatory redox
conditions.90, 95 Moreover, the formation of greigite can also be achieved with low
concentrations of dissolved O 2 carried by groundwater. The size of pyrite framboids can
be limited by growth between oxic-anoxic boundary and rate of crystal growth;128, 129 these
framboids have been reported as much smaller in anoxic than sub-oxic zones. In the
shallower part of the Upper Zone at DBS between 4 and 4.2 m, the atomic ratios of Fe/S
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based on FESEM/EDX analysis range from 0.6 to 0.75 which is more consistent with
greigite than mackinawite and pyrite (Figure 6.4). In deeper areas of the Upper Zone, where
more mackinawite (FeS) coatings were found, the redox condition is more reduced. Other
abiotic pathways to generate pyrite from monosulfides, where greigite is not an
intermediate, include directly reacting with S 0 polysulfides, and other sulfide intermediates
generated from the oxidation of H 2 S96 as well as H 2 S itself:127
FeS(s) + S0 → FeS2(s)

(6.1)

FeS(s) + Sn 2- → FeS2(s) + Sn-1 2-

(6.2)

FeS(s) + H2 S(aq) → FeS2(s) + H2(g)

(6.3)

These pathways are more consistent with the observation of iron sulfides in Zone 1, a more
reduced condition compared to the Upper Zone. Even though iron sulfide coatings are
observed with Fe/S ratios of 0.75 consistent with greigite (Figure 6.4), the mineral coatings
morphology is consistent with the flakey morphological appearance of mackinawite
(Figure 6.3C) or well-crystalline pyrite/pyrrhotite (Figure 6.3D and E). The abiotic
transformation of iron sulfides was reported to be enhanced in the presence of organic
matter and microorganisms in clay-rich sediment.130 This enhancement has been explained
by the H2 S generated through other biotic activities with microorganisms131, 132 and the
nucleation process of FeS on the bacterial cell surface.133 Other pathways include the
formation of iron sulfide minerals through the reaction of Fe(II) oxyhydroxides with H 2 S134,
but no evidence can support this pathway in RTZs studied.
The oxidation of iron sulfides in the first two RTZs may be facilitated by Fe(III)
minerals, dissolved O 2 , and O 2 secondary products (e.g., reactive oxygen species (O 2 • −),
hydrogen peroxide, and OH•) in both biotic and abiotic pathways
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135-137 .

Bacteria that

potentially enhance related reactions and are reported to be present in environments from
sub-oxic to anaerobic138 include the genera Acidovorax, which is abundant in the B-Aquifer
above the Upper Zone and the D-Aquifer (Figure 6.1). These redox reactions result in
Fe(III) oxides, hydroxides, oxyhydroxides, or oxyhydroxysulfates,139 as well as sulfate
minerals (e.g., gypsum (CaSO 4 ·2H 2 O)) and dissolved sulfate in the aqueous phase.
Moreover, in the presence of chlorinated contaminants, iron sulfide minerals can be
oxidized during abiotic dehalogenation under anaerobic conditions.23, 31
To complete the cycling of Fe and S, Fe(III) minerals and sulfate are expected to
replenish Fe2+ and S2- consumed by biogeochemical reactions in RTZs through reductive
transformations. Although Fe and S minerals can accept the electrons from their reduced
forms through abiotic reactions,140 the data collected in RTZs suggest that microbiological
sulfate respiration may be a greater contributor. The process begins with a H 2 S sink
generated by sulfate-reducing bacteria during respiration:134
2CH 2 O + SO 4 2- → 2HCO 3 - + H2 S

(6.4)

Fe(III) minerals such as goethite are reduced within the H 2 S sink and generate iron sulfide
abiotically:141
2FeOOH (S) + 3H 2 S(aq) → 2FeS(s) + S0 + 4H2 O

(6.5)

Furthermore, related studies found microbial reduction of Fe(III) minerals by Fe(III)reducing microorganisms (FeRM) generally controlled the reduction process in nonsulfidogenic sediments. The electron donors utilized by FeRM include not only organic
carbon compounds but also inorganic sources such as hydrogen and ammonium.142 FeRM
related reduction processes can generate aqueous Fe(II), Fe(II) minerals (e.g., siderite and
mackinawite), and significant Fe(II)/(III) minerals (e.g., magnetite).143 Based on the
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microbial analysis, genera Geobacter is potentially responsible for biotic iron-reducing
conditions and Desulfosporosinus for sulfate-reducing conditions in RTZs (Figure 6.1).

6.5 Natural Attenuation Processes in Redox Transition Zones
The Fe and S mineral transformation pathways identified above to delineate Fe and S
cycling in the RTZs support the abiotic contributions in natural attenuation of COCs in
these reactions. The degree of natural attenuation activity may be evaluated using multiple
lines of evidence collected in this study. The first highly contaminated zone of COCs can
be from NAPLs observed in the C-Aquifer between Zone1 and Zone 2 where elevated Fe
and S concentrations were found with the dominant genera Stenotrophomonas. Moreover,
groundwater plumes that include 1,2-dichlorobenzene, 1,3-dichlorobenzene, 1,4dichlorobenzene, and chlorobenzene are indicative of a second zone of contamination
located deeper in the D-Aquifer above Zone 3; the NAPL source is expected to be located
at D-E Clay layer. In this area, Fe and S concentrations are relatively low, although
Acidovorax and Desulfosporosinus are abundant. The degradation of COCs is expected
through (a)biotic dechlorination processes followed by aromatic organic degradation with
self-enriching microorganisms in sediment.
Of the RTZs identified, the Upper Zone groundwater analyses revealed the lowest
concentrations of contaminants. Nonetheless, OTUs of the contaminant degraders
Stenotrophomonas and Methylobacterium were significant (Figure 6.1). Iron sulfide
minerals are present at relatively high concentrations in this zone as are Fe(II)/(III) minerals,
such as greigite and magnetite, indicating potentially active cycling of Fe and S. However,
the total concentration of iron coatings determined by SE and XRD is not as high as that
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found in the RTZ, Zone 1. Although the activity of abiotic degradation may be limited by
the total concentration of iron mineral coatings, reactive natural attenuation processes are
expected in this zone, and may be indicated by the low COC concentrations.
Abiotic dehalogenation processes may play a more crucial role in natural
attenuation within Zone 1 than in other RTZs. The dominant reduced iron minerals include
mackinawite and pyrite, which are highly reactive in dehalogenation.35 SE results suggest
the highest concentrations of total iron mineral coatings can be extracted from Zone 1
among all identified RTZs. Given the dominant OTUs of Desulfosporosinus (Figure 6.1),
reactive cycling of Fe and S can be expected in this Zone through related (a)biotic reactions.
In groundwater data, a high concentration of benzene (Figure 6.2) may be because of the
dechlorination of (di)chlorinated benzenes. Moreover, another daughter product, chloride
also increases significantly as a function of depth in Zone 1. Although aniline and benzene
are difficult to degrade through abiotic reactions alone, clay lenses found in this zone
together with Fe(III) mineral coatings serve as substrates with a high surface area and a
strong affinity for organics, which potentially enhance further biotic degradation of
aromatic organics. Additionally, dissolved Fe(II) adsorbed onto the surface of oxidized
minerals further supports abiotic reduction by forming the ≡Fe-O-Fe2+ structure with
oxidized iron144 ). Reduced iron sulfides consumed in abiotic dehalogenation can be
replenished through sulfate-reducing microorganisms at the same time. Zone 1 is an
important example of how biotic and abiotic processes work together to achieve selfsustaining natural attenuation through redox cycling of iron reactive minerals.
In contrast to Zone 1, Zone 2 is in the C-Aquifer below the NAPL-bearing area
where a high concentration of iron mineral coatings is observed . However, concentrations
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of Fe mineral coatings drop steeply as a function of depth (Figures 6.1 and 6.3). At the
same time, the dissolved oxygen concentration and pH in groundwater do not show
significant changes (Appendix C), which may be artifacts of the sampling and analytical
methods. Siderite is the most dominant reduced iron mineral coating in this zone and has
been reported to result in slower rates of dehalogenation compared to iron sulfides.27, 145 In
this zone, S concentrations were low and, morphologically, the most abundant mineral
coatings were Fe(III) oxyhydroxides. Sulfur is most rich in the aqueous phase as sulfate.
Although the dominant OTUs are Geobacter and Desulfosporosinus (Figure 6.1), iron
sulfides were not observed. While these genera are known degraders of contaminants using
reactive iron minerals as an electron donor/acceptor, the continuously decreasing iron
concentration profile is expected to limit biotic processes in this zone. The potential
daughter product benzene, from natural attenuation of COCs also decreases as a function
of depth suggesting attenuation via dechlorination of chlorinated benzenes may not be
significant. In contrast, low concentrations of benzene could be indictive of on-going
biodegradation of this compounds in Zone 2. Two observations in Zone 2 are of interest:
the significant difference (i.e., dominant with Geobacter) in the microbial community
compared to other zones and the lack of interfaces with clay lenses. The former one can be
impacted by factors such as the availability of organics and competition between microbes
in natural sediment. Since Geobacter is known to degrade benzene, 146 its presence could
indicate ongoing biodegradation of this COC. The latter may cause differences in mass
transfer, sediment porosity, and surface area, impacting mineral-water interfaces as well as
groundwater hydrology. These factors will be further studied in future work.
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The gradients in oxidized/reduced mineral coatings in Zone 3 is mainly because of
the poor mass transfer in this clay layer and the high concentration of dissolved oxygen
contributed by the abutting groundwater. This zone is considered to have a significant
gradient in the redox potential; however, it is not evident that there is an at tenuation of
COCs.
6.6 Summary
Based on geochemical analyses targeting iron mineral coatings, along with water chemistry
and microbial data, potential natural attenuation processes in RTZs from the Anaerobic
Core have been delineated and evaluated, and implications for biotic and abiotic
degradation have been developed. Although active attenuation of COCs is expected to be
carried out by biogeochemical cycling of reactive iron mineral coatings, this study indicates
that cycling of Fe and S in RTZs can be very different and complicated. Given the complex
nature of (a)biotic processes, both indicator microbial species and surface mineral coatings
are needed for interpreting ongoing contaminant attenuation in sediment. In identifying
reactive iron coatings, XRD supports quantifying crystalline mineral coatings but is greatly
limited by interference from bulk minerals. SE focuses on isolating and quantifying
different phases of iron minerals; however, results can be impacted by the heterogeneity of
the sample as well as uncertainty in the extraction analysis. These two methods in general
show similar trends for iron coatings throughout all RTZs. FESEM/EDX provides more
detailed information on mineral morphology and elemental composition of iron coatings
which helps to identify mineral coatings and reveal potential transformation pathways for
reactive iron coatings; this was most significant for the Upper Zone and Zone 1. The
presence of reactive iron mineral coatings such as mackinawite (FeS) and pyrite (FeS 2 ) can
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be considered an important indicator of active abiotic dehalogenation of COCs. However,
for the long-term remediation and further break down of benzene rings, biotic degradation
is necessary. Some species of iron- and sulfate-reducing bacteria can utilize Fe(III) and
SO 4 2- as electron acceptors to replenish consumed Fe2+ and H 2 S under anaerobic conditions.
Moreover, with high surface area and strong affinity for microorganisms as well as
organics, iron oxyhydroxides serve as an important surface for biotic degradation of COCs.
Ideally, abiotic and biotic degradation mutually benefit each other, and both are expected
to occur in the Upper Zone and Zone 1. However, in some circumstances, iron sulfide does
not effectively precipitate from pools of sulfate and dissolved Fe2+ in the presence of ironand sulfate-reducing bacteria for reasons that are not totally understood. Conclusions from
this geochemical study of the Anaerobic Core include:
•

Natural attenuation can be expected to be active and long-lasting at RTZs where
reactive iron mineral coatings cycle between oxidized and reduced status through
biogeochemical reactions.

•

For the cycling of iron and sulfur in RTZs, the abiotic and biotic processes are
inseparable and rely on one another for the sustainability of continued cycling.

•

Siderite as a dominant reduced iron coating in RTZs is not expected to play an
important role in attenuation as compared to the iron sulfide minerals.

•

RTZs occur in the transition of interfaces between aquifers and clay lenses or
aquitards in sediment where both biotic and abiotic degradation are expected to be
most significant.
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CHAPTER 7
IMPACT OF CRYOGENIC SAMPLING PROCESS ON IRON MINERAL
COATINGS IN CONTAMINATED SEDIMENT

This study focused on comparing iron mineral coatings found in contaminated sediments
from a cryogenic (Cryo Core) core versus an Anaerobic Core. After thawing the Cryo Core
in an oxygen-free glovebox, a suite of analyses was applied on sediments from both cores.
Moreover, to better understand why the metastable minerals were not present, a
freeze/thaw process was simulated on Anaerobic Core samples using a liquid -nitrogen
quench with surface coatings characterized by FESEM/EDX.

7.1 Freeze-Induced Acceleration Reaction
In-situ sampling techniques with liquid nitrogen (at 77 K) and CO 2 (at 195 K) are known
as cryogenic core collection processes that have been widely used for collecting saturated
and cohesionless sediments.147-152 Physical, chemical, and biological characteristics of
cryogenic core sediment have been probed for constituents of concern including the
presence of volatile organic compounds, oxidation/reduction (redox)-sensitive inorganic
couples, and the microbiology.153-155 In general, chemical and microbial reaction rates in
the frozen sediment are slowed because of the relatively low temperature. However,
studies156-161 have shown that some reactions are accelerated in ice at very low temperatures.
Pincock156 proposed that the driving force for these accelerated reactions was because of
unfrozen areas of solution and therefore concentrated solute in ice. In O’Concubhair and
Sodeau review,162 several mechanisms have been attributed to this freeze-induced
acceleration reaction. One mechanism involves the freeze-concentration occurring when a
large number of solutes are rejected from the growing ice crystals, and reaction rates are

56

elevated by the concentrated unfrozen solute in space not occupied by the ice structure;
reactions of second order or higher are affected by the elevated concentrations in
solution.163 The second type of mechanism is the freezing potential: a small portion of
solute can be incorporated from solution into the ice. Because of the imbalance of
incorporated cations and anions, an electric potential is generated at the ice-water
interface.164-166 This potential may be negative or positive based on the initial conditions
and ions present, and the magnitude is more dependent on ion size, structure, and their
concentrations in the solution, as well as growth rate and surface condition of the ice.167 In
this case, diffusion of H + and OH - ions at the ice/water interface neutralizes the imbalanced
charge.168 Another mechanism is referred to as the catalytic effect of the ice-liquid water
interface: unique characteristics have been observed in a thin wet layer on the ice surface
known as a quasi-liquid layer (QLL) unique from pure liquid water. This interface of
atoms/molecules in QLL encounters unequal bonding forces from one side to another.169
Other effects include convection where the concentration gradient of the solution is
impacted by the direction of freezing and temperature differences; variations in the sample
can lead to differing thermodynamics and kinetics of reactions. Among the mechanisms
described above, freeze-concentration and freezing potential are reported to be the
dominant factors in accelerating reactions.166, 170
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7.2 Bulk and Iron Coating Identification in the Cryo Core
7.2.1 XRD Analysis
The most dominant peaks are from quartz, which are also used to correct diffractogram
shifting. Other bulk minerals (Figure 7.1) include anorthite and albite belonging to the
feldspar group, two clay minerals, muscovite and clinochlore, from the mica and chlorite
groups, respectively, as well as different forms of zeolite which potentially developed
during weathering of feldspar precursor minerals.86 Generally, the bulk mineralogy
identified in the Cryo Core shows consistency with the Anaerobic Core at a similar depth.
For iron-containing mineral coatings, semi-quantitative analysis was constrained based on
the possible candidates provided by the search and match program (PANalytical’s
HighScore plus, ver. 3.0.5) with relatively high match scores. Fe(II) mineral fractions
include pyrrhotite (Fe1-x S (where x = 0 to 0.17)), siderite (FeCO 3 ), and pyrite (FeS2 ).
Magnetite (Fe3 O4 ) was the only Fe(II)/(III) mineral detected. Fe(III) mineral fractions
observed included goethite (α-FeO(OH)), ferrihydrite (generally

considered as

5Fe2 O 3 •9H 2 O),125 and lepidocrocite (γ-FeO(OH)). Iron coatings at low concentrations
(around 1% mass) may be difficult to distinguish in XRD, as their main peaks are possibly
located within other peaks such as a broad peak from an amorphous mineral that overlaps
along with strong peaks from bulk minerals. Furthermore, distinguishing the presence of
lower concentration iron mineral coatings was further resolved using complementary
analyses in the following FESEM/EDX section. Pyrite was distinguishable in
diffractograms (Figure 7.1 and Appendix D). As discussed above, the trend observed in the
Fe(II), Fe(II/III), Fe(III) mineral coatings throughout the core studied demonstrates the
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Figure 7.1 XRD identification and semi-quantification results for bulk minerals as well as iron related mineral coatings in the section
of 8.33 to 9.45 m DBS.
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redox changes. Compared to the relatively low concentrations in the anaerobic core,
elevated concentrations of pyrite were found in the Cryo Core.
The zone of focus (8.28 to 9.45 m DBS, Figure 7.1) can be divided into a clay layer
(aquitard) of intact sediments sandwiched between two sandy aquifers. Pyrite peaks at the
top of the clay layer ranging from 8.53 to 8.69 m DBS (Figure 7.1, dashed oval) with lower
concentrations of Fe(III) minerals than in sandy aquifers. In contrast, for the aquifers,
siderite is the more dominant Fe(II) mineral and is collocated with higher concentrations
of Fe(III) minerals including goethite and lepidocrocite. The trend in dominant iron mineral
coatings indicates a redox gradient from the upper aquifer layer through the adjacent clay
layer where the highest concentration of pyrite was observed.
7.2.2 FESEM/EDX
For (1,500×) EDX mapping, iron mineral coatings include crystalline iron sulfides and iron
oxyhydroxides with diameters greater than 300 nm, easily distinguishable from bulk
minerals throughout the Cryo Core. However, some iron mineral coatings found with XRD
may not be as easily identified by EDX mapping because of the limits in crystalline size
and randomness in mapping locations. FESEM results indicate that iron sulfides identified
in the Cryo Core are mostly pyrite peaking at a DBS between 8.48 and 8.64 m, which is
consistent with XRD analysis and XRF screening of Fe and S concentrations. Two samples
(Figures 7.2A and B) highlight the elevated concentration of pyrite randomly scattered on
the bulk mineral surface. Multiple morphologies were observed as individual grains of
cubic or octahedral pyrite abut truncated grains (Figure 7.2C), spherical-packed framboids
(Figure 7.2D), or raspberry-shaped aggregates of pyrite interpenetrated in different
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Figure 7.2 Morphology of mineral coatings observed in two samples by FESEM. (A): iron sulfide mineral coatings on the bulk mineral
surface, framboidal and cubic/octahedral pyrite are observed; (B): coatings of interpenetrated highly crystalline pyrite; (C): framboidal
pyrite with irregular nanoparticles; (D): spherical framboids of pyrite; and (E): highly crystalline pyrite at a high resolution.
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directions (Figure 7.2E). Fe/S ratios, elemental composition, and mineral morphology
along with XRD results were applied to identify iron mineral coatings. Other species of
iron sulfide such as mackinawite (FeS) and greigite (Fe 3 S4 ) were not detected in samples
from the Cryo Core.

7.3 Quench Study Iron Sulfide Mineral Coatings Comparison
7.3.1 Liquid Nitrogen Quench Study
The objective of the cryogenic preservation study (referred to as a quench study) was to
simulate a cryogenic collection process with samples from the Anaerobic Core to better
understand the impact of a liquid nitrogen quench on the formation and transformation of
iron mineral surface coatings. Two subsamples from the Anaerobic Core were selected for
the quench study at depths with relatively high iron and sulfur concentrations and unique
iron mineral coatings. The sample located at 4.27 m DBS within the first RTZ124 referred
to as Sample 2-10 was observed with abundant iron sulfide mineral coatings primarily
comprised of framboidal pyrite and greigite. Another sample, which is referred to as
Sample 7-1 (6.8 m DBS, second RTZ), was found to contain abundant mackinawite with
small quantities of pyrite and pyrrhotite. Samples 2-10 and 7-1 were split and studied with
and without quenching. All quenched sediments (approximately 10 g) were transferred into
plastic centrifuge tubes in individual heat-sealing Mylar bags, and then bathed in liquid
nitrogen (77 K) for one hour. Subsequently, samples were thawed in the glovebox and
further probed with FESEM/EDX analysis. The surface composition and coating
morphology of reactive iron minerals were compared between sets of samples.
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7.3.2 Iron Sulfide Mineral Coatings Comparison in Quench Study
After comparing samples from the Anaerobic Core with and without quenching using
FESEM/EDX, some inconsistencies in mineral morphology and surface mineral species
were observed. For example, spherical framboidal greigite was abundant in Sample 2-10
(Figure 7.3A and C). However, for samples with and without quenching, even though the
atomic ratios of Fe:S (0.61 and 0.69 for Figure 7.3A and C, respectively) are close to the
stoichiometry of greigite (Fe3 S4 ), a difference is observed in the morphology of greigite:
the structure of greigite particles in the framboid can be recognized in the sample without
quenching (Figure 7.3A), while it is no longer observed after quenching (Figure 7.3C). For
pyrite coatings observed in Sample 7-1 (Figure 7.3B and D), the characteristic cubic and,
to a lesser extent, octahedral structures were found without quenching (Figure 7.3B), which
was also found in the previous study at this depth.124 However, in samples after quenching,
the crystalline pyrite was observed to a much smaller extent; even in samples with the
atomic ratio of Fe:S, the usual crystalline structure was not present (Figure 7.3D). Other
metastable iron sulfides identified through S elemental mapping, including mackinawite
(FeS), were abundant in Samples 2-10 and 7-1 without quenching (Figure 7.3E and F);
however, after quenching these minerals were no longer found (Figure 7.3G and H).
Instead, mapping revealed an increase in potential pyrite based on composition, although
again the characteristic morphology was lost (Figure 7.3G). This phenomenon is similar to
the observation in the Cryo Core, where mackinawite was not found and only pyrite was
detected in the iron sulfide mineral coatings. Pyrite found in the quenched anaerobic
samples increased by comparing coatings under the same magnification using
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Figure 7.3 Results for the cryogenic quench study with anaerobic samples. For samples without quenching, morphology and elemental
distribution of observed coatings: greigite (A) and pyrite (B), are presented, as well as elemental mappings of S and Fe on bulk mineral
surface (E); (F) shows elemental mappings from earlier work for consistency; After quenching, the same characterizing process has
been done for greigite and pyrite coatings shown in (C) and (D); (G) and (H) are elemental mappings for comparison.
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the FESEM/EDX mapping. The differences in morphologies and mineral composition may
be attributed to the quenching process.

7.4 Formation and Transformation of Iron Sulfides in the Cryo Core
In anaerobic systems, iron sulfides have been observed in sediments as mineral coatings 1.
Dissolved iron in the pore water can result from the chemical and biological reduction of
Fe(III) oxyhydroxides and iron-bearing clay minerals adsorbed on the surface of detrital
silicates.59, 171 On the other hand, sulfides result from bacterial reduction of sulfate and may
be found as H 2 S, HS-, S0 , and polysulfides.172, 173 Because iron sulfides are sparingly
soluble, iron(II) monosulfide initially precipitates from the aqueous phase.174 The stability
of precipitated mackinawite in groundwater can be evaluated with the following reactions:
FeSmakinawite + 2H+ → Fe2+ + H2 S (when pH < 7), or

(7.1)

FeSmakinawite + H+ → Fe2+ + HS- (when pH > 7)

(7.2)

Rickard 175 reported the equilibrium constant K sp(mackinawite) for Reaction (7.1) is 103.5 and
K sp(mackinawite) for Reaction (7.2) is 10-3.5 ± 0.25 between pH of 3 and 10, and ∑[S(-II)] 10-6 to
10-1 M at 23 ℃. Based on geochemical conditions reflected in the MLS data (Table 7.1),
the formation of mackinawite is possible. Moreover, considering the complexity and
inhomogeneity of sediment, mackinawite is expected to precipitate under the current
geochemical conditions (plus the potential contribution from sulfate reducing bacteria176 ).
Subsequent transformation results in potentially one of several metastable forms including
mackinawite (FeS) and greigite (Fe3 S4 ), as well as more stable forms such as pyrite (FeS2 )
and pyrrhotite (Fe1-x S). Iron monosulfides such as mackinawite can react with H 2 S177, 178
or S0 (including polysulfides)179-181 to form pyrite under oxygen-free conditions. Butler
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Table 7.1 Multi-Level System (MLS) Ground Water Data and Geochemistry Screening
Data for the Cryo Core (8.23 m to 9.45 m DBS)
Parameter Category

Result

Nitrate nitrogen (dissolved)

0.0046 mg/L

Ammonia nitrogen
Chloride (titrimetric)
Sulfate (dissolved)
Sulfide
Total alkalinity
Total phosphorus as PO 4
(dissolved)
Iron (dissolved)
Magnesium (dissolved)
Manganese (dissolved)
Calcium (dissolved)
Sodium (dissolved)
pH in ground water
pH in sediment
ORP in sediment
Iron in sediment
Sulfur in sediment

Units

4.5 mg/L
512
200
0.054
203
0.25
59.6
50.7
3.91
62.2
344
6.59
5.0 - 7.1 (ave. 6.4)
90.9 - 598.2
(ave. 211.0)
7.3 – 66.6 (ave. 25)
0.4 – 11.9 (ave. 2.9)
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mg/L
mg/L
mg/L
mg CaCO 3
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mV
1000 ppm
1000 ppm

Analytical
Method
EPA Method
353.2
4500-NH3 B/C
modified-1997
4500-Cl C-1997
EPA 300
3500-S2 D-2000
2320 B-1997
EPA 365.1
EPA 6010B
EPA 6010B
EPA 6010B
EPA 6010B
EPA 6010B
EPA 150.3
Burt, 201475
Yu and Rinklebe,
201373
EPA 6200
EPA 6200

and Rickard 90 demonstrated another pathway to form framboidal pyrite through redoxdependent abiotic reactions using FeS and H 2 S which has been demonstrated in previous
chapters. Although mackinawite and greigite are not necessarily prerequisite minerals for
pyrite formation,182 in groundwater systems at ambient temperature and relatively low
dissolved concentrations of Fe and S, these iron sulfides can be referred to as “precursors”
in sediment. The precursor pathways are consistent with the presence of iron sulfides in
the Anaerobic Core where pyrite, mackinawite, and greigite were abundant (Figure 7.3).
Morphologies of pyrite identified in the Cryo Core (Figure 7.2) can be considered
as crucial indicators of geochemical conditions in mineral nucleation and growth. Based
on the work of Wilkin and Barnes182 , Butler and Rickard 90 reported that framboidal and
single pyrite grains were directly formed as products of mackinawite oxidation by H 2 S in
anaerobic aqueous solutions at pH 6 and temperatures ranging from 60 ℃ to 140 ℃. They
reported that the framboidal texture results from rapid nucleation under supersaturated
conditions, while single pyrite crystals are generated at or below saturation with slow
nucleation. Framboidal pyrite can also be indirectly formed through FeS transformation to
framboidal greigite (Fe3 S4 ) as an intermediate resulting in spherical framboidal pyrite
(Figure 7.2 D).129 Framboidal greigites have been found in numerous studies,183, 184 and
their potential transformation to pyrite was demonstrated with synchrotron-based energy
dispersive X-ray diffraction (ED-XRD).87 Greigite was reported to have been found in
natural sediment of near-shore, shoreline, and fresh water systems,90, 95 which may be
associated with a sharp redox gradient under Fe- and S-rich conditions. As a result,
framboidal pyrite via intermediate framboidal greigite may be another possible pathway
for pyrite framboids to form as observed in the Cryo Core. A unique aggregated crystalline
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pyrite structure of interpenetrated grains (Figure 7.2B and E) was classified as another
framboidal structure formed through rapid crystal growth at this location.185 In redox-active
systems, pyrites are oxidized to Fe(III) species through biotic or abiotic pathways as iron
cycling of sediment systems.186-189 However, neither mackinawite nor greigite, common
precursors of pyrite, were observed morphologically across the entire Cryo Core set of
samples. For comparison, Sample 7-1 (6.8 m DBS) from the Anaerobic Core and the zone
of focus in the Cryo Core (8.48 to 8.64 m DBS) both revealed elevated concentrations of
Fe and S in sediment with gradients in the redox condition. While mackinawite was found
to be the most dominant iron sulfide coating along with cubic euhedral pyrite in Sample 71 (Figure 7.3B, E, and F), framboidal pyrite was only detected in sediments around Sample
2-10 (4.27 m DBS) generally abutting framboidal greigite. The unique mineralogy of the
cryogenically preserved core indicates the potential impacts of the cryogenic process.

7.5 The Impact from Pore Water Freezing Effect
To explain the absence of mackinawite and greigite in the Cryo Core, as well as the
mineralogical difference between split Anaerobic Core samples in quench study, the pore
water freezing mechanism may be responsible. During quenching, the unfrozen solute
trapped in ice junctions (also known as “micropockets”) is concentrated from the
surrounding growing ice crystals, as some solutes are not incorporated into the increasing
ice structure. The inequality of anions and cations at the ice and solute interface generates
a freezing potential; it has been reported to range from -90 to +210 V depending on the
size and structure of the ion.165, 190 For example, when a diluted NaCl system is freezing,
the trapped ions in the micropockets are concentrated during the development of ice. At
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the ice-water interface, the ice lattice observed preferentially incorporates Cl- over Na+,
which is based on the sizes and structures of the ions causing minimum readjustment of
the ice lattice,166, 190 the excess of Na+ as a counterion accumulates in the aqueous phase at
the interface. Theoretically, Cl- ions in the ice are neutralized by H 3 O+, and OH - ions move
in the electric field to the interface to neutralize ions on the solute side. The buildup of Na+
and OH - ions in the double layer at the ice-water interface results in a concentrated solution
in these micropockets, which is alkaline. In the Cryo Core groundwater, MLS data (Table
7.1) show the highest concentration of ions (pH = 6.4) are chloride (512 mg/L), sodium
(344 mg/L), sulfate (200 mg/L), iron (59.6 mg/L), and calcium (62.2 mg/L). In a system
with large anions such as SO 4 2-, the anions accumulate to a greater degree in the aqueous
phase while a smaller counterion such as sodium creates a larger positive potential in ice
at the interface than the negative potential brought by halides systems (the ammonium
cation is one exception,162 however, its concentration is much lower than sulfate in this
case). Therefore, at the ice-water interface, the freezing potential results in a negative
charge in the solute compared to the ice when pore water started to freezing. H 3 O+ ions
from the ice phase migrate across the interface to neutralize the negative charge, resulting
in acidification of the (unfrozen) pore water in micropockets. As a result, during the
freezing process of the anaerobic sediment, the unfrozen pore water in these micropockets
potentially becomes locations with elevated electrolyte concentrations and lower pH
compared to the initial condition.
A freezing potential mechanism leading to a lower pore water pH may explain the
phenomena observed in the quench study. Because the stability of iron sulfide can be
reduced under acidic conditions based on Reaction (7.1), the dissolution of mackinawite is
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dependent on the H + concentration in an acidic solution (defined as pH less than 5.3175),
and is pH-independent at neutral to alkaline conditions.175, 191, 192 The lowest pH measured
in groundwater was 5.0 (Table 7.1), but it could be lower during quenching because of the
freezing potential. The precipitated mackinawite on the bulk mineral surfaces becomes
more soluble in acidified solutions with the dissolution of Fe(H 2 O)6 2+ and H 2 So (aq).
Simultaneously, concentrations of reduced iron and sulfur ions increases in the (ion
concentrated) solution found at the interface of the ice. As a result of freezing potential and
freezing-concentration mechanisms, the concentrated reduced iron and sulfur ions in the
micropockets enhances the reprecipitation of nano-sized pyrite (FeS2 ).179 This mechanism
may surpass the negative impact brought on by the low temperature and explains why
mackinawite is not observed in the Cryo Core and quenched samples but is abundant in
unquenched samples. Consequently, reprecipitated pyrites form within a shorter time
period, yet the time is insufficient to develop observable typical cubic and octahedral
crystalline structures as observed in sediment cores. This mechanism also explains why the
iron sulfide coatings have the same surface composition as pyrite after being quenched , but
do not exhibit the distinguishable crystalline morphology. Moreover, the morphology of
framboidal greigite (Fe3 S4 ) in Sample 2-10 (Figure 7.3C) changes: the crystalline structure
is lost after the cryogenic quench while the surface composition and the spherical shape of
framboids remain intact. The cryogenic process may dissolve a surface layer of greigite
but not impact mineralogy. For pyrite coatings, their characteristically cubic and octahedral
morphologies appear to remain intact in the Cryo Core. After the quench study, however,
precipitates of pyrite in the Anaerobic Core were found to have increased to some extent
as nanoscale coatings lacking the characteristic morphology. For most iron oxyhydroxide
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minerals detected with FESEM/EDX in both the Cryo Core and the quenched Anaerobic
Core samples remained intact, the impact of liquid nitrogen may be related to iron mineral
solubility in acidic groundwater where mackinawite > greigite > pyrite ≥ most Fe(III)
oxyhydroxides.

7.6 Summary
A set of analyses has been applied to study the mineralogy and morphology of reactive iron
mineral coatings in a sediment core with a cryogenic collection system. XRD analysis was
applied to probe iron mineral species, while FESEM/EDX analyses provide micro- to nanoresolution data about mineral coating composition and morphology. Sharp redox gradients
were found (discussed above) between geological layers by characterizing iron mineral
coatings. Among the identified reactive iron minerals, pyrite was abundant in the section
of 8.33 to 9.45 m DBS. However, after comparing identified surface mineral coatings to a
previously collected Anaerobic Core at an adjacent location, the two most important iron
sulfide “precursors” of pyrite, mackinawite and greigite, were not found in the Cryo Core
but were ubiquitous in RTZs of the (unquenched) Anaerobic Core. These results are not
consistent with potential transformation pathways for iron sulfides in RTZs of sediments.
By conducting a cryogenic quench study at 77 K on split samples from the Anaerobic Core,
mackinawite was observed to decrease while pyrite increased; overall morphological
information on surface coatings was also lost. These phenomena can be explained by a
mackinawite dissolution, transformation, and reprecipitation process during the freezing
process driven by mechanisms of freezing-concentration and freeze potential in the
cryogenic process. Impacts from a cryogenic quench are found to depend on the
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thermodynamic stability of mineral coatings in groundwater. The results of the quench
study also provide evidence that the cryogenic sampling technique for collecting sediment
samples may result in a loss of mineralogy and morphology of metastable forms of iron
sulfide coatings. Because these metastable forms of iron sulfide minerals have high
reactivity in dechlorination reactions within groundwater systems, the natural attenuation
of chlorinated compounds may be underestimated.
For on-site sediment sampling, cryogenic preservation of cores is considered a
robust method for sediment collection with pore fluids, allowing for the preservation of
contaminants as well as microbial ecology. However, caution should be taken when using
the cryogenic process for samples bearing redox-sensitive minerals. The change and
transition in redox conditions potentially depend on the surface coating mineralogy, solute
speciation, and concentration in pore water, as well as the freezing rate.167
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK

To better understand iron and sulfur cycling in the anaerobic environment and natural
attenuation of a contaminated site, an anaerobic 18-m sediment core was collected with an
adapted biogeochemical coring system and studied from cm to nm scale resolution with
redox conditions preserved. By utilizing screening results such as XRF, VOCs in the
headspace, sediment pH and ORP, as well as abundant bacteria in subsampled anaerobic
sediment, potential RTZs in this Anaerobic Core were identified and expected to be critical
areas for the further mineral coating characterization with higher resolution. A set of
analyses was developed and applied to investigate mineralogy, morphology, and surface
composition of iron mineral coatings with XRD and FESEM/EDX. Among the five RTZs,
the Upper Zone and Zone 1 were found to be abundant in reactive iron mineral coatings.
Additionally, given the unique morphologies observed in the two transition zones, the
Upper Zone and Zone1, distinct transformation pathways were found for pyrite formation.
With framboidal greigite observed abundantly in the Upper Zone, the formation of
framboidal pyrite from mackinawite with greigite as an intermediate is expected to be the
dominant pathway for iron sulfide transformation. However, in Zone 1, transformation
pathways of iron sulfides without the presence of greigite are likely to involve mackinawite
reacting either with S0 , polysulfides, and other S intermediates, or dissolved H 2 S to form
pyrite. Along with evidence from sequential extraction, groundwater chemistry, and
dominant microbial groups, these two RTZs are expected to support self-sustaining natural
attenuation processes through the redox cycling of iron reactive minerals.
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In contrast to Zone 1, Zone 2 is in the aquifer below the NAPL-bearing area where
a high concentration of iron mineral coatings is observed. However, concentrations of Fe
mineral coatings drop steeply as a function of depth. S concentrations were not observed
and morphologically the most abundant mineral coatings were the Fe(III) oxyhydroxides.
Sulfur is most rich in the aqueous phase as sulfate. Although dominant OTUs are
Geobacter and Acidovorax, iron sulfides are not observed. While these genera are known
degraders of contaminants using reactive iron minerals as an electron donor/acceptor, the
continuously decreasing iron concentration profile is expected to limit biotic processes in
this zone. In Zone 3, the gradients in oxidized/reduced mineral coatings are mainly due to
the poor mass transfer in this clay layer and the high concentration of dissolved oxygen
brought from the abutting groundwater. This zone is considered to have a significant
gradient in the redox potential; however, it is not evident that there is an attenuation of
COCs.
Future work associated with this research should include studies focused on further
characterization of hydrological conditions, sediment properties, and natural attenuation
processes. Because sediments are complex and affected by both biotic and abiotic
processes at the same time, the data collected from critical zones will eventually help to
better understand contaminant fate, transport, and exposure in the environment. More
research is needed to quantitatively evaluate biotic/abiotic contributions and related
reaction rates in each step of attenuation processes. Using the methodology developed in
this research along with results from studies probing COC degradation, this work provides
the foundation for identifying where natural attenuation is most significant, applying
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abiotic processes in remediating sites, and promoting RTZs in subsurface remediation to
enhance degradation of contaminants.
In studies comparing reactive iron coatings between the Cryo Core and the
Anaerobic Core, the two most important iron sulfide “precursors” of pyrite, mackinawite,
and greigite, were not found in the Cryo Core. However, pyrite, is a dominant iron sulfide
mineral coating, abundant in the zones of interest and present in different morphologies.
Interestingly, the quench study with split subsamples from the Anaerobic Core showed that
pyrite concentrations increased while the characteristic morphological features were lost
on the bulk mineral surfaces and mackinawite was no longer found. These phenomena may
be explained by mackinawite dissolution into acidified groundwater trapped in ice gaps
with H + release from surrounding ice referred to as the freezing potential mechanism, and
then reprecipitated as nano-sized pyrite in the freezing-concentration mechanism. The
experimental results indicated that cryogenic coring may affect redox-sensitive iron sulfide
mineralogy during the sample quenching process. Further studies are needed to better
evaluate these potential freezing factors under different geochemical conditions.
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APPENDIX A
XRD DIFFRACTOGRAMS FOR THE UPPER ZONE AND ZONE 1

XRD diffractograms collected from sediment samples in the Upper Zone and Zone 1.
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APPENDIX B
XRD DIFFRACTOGRAMS FOR ZONE 2 AND ZONE 3

In XRD diffractograms, clay minerals in Zone2, clay minerals decreased as a function of
depth. In Zone 3, highly dense kaolinite was found as a new bulk clay mineral.
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APPENDIX C
PROFILES OF DISSOLVED OXYGEN AND PH IN GROUNDWATER

The concentration of dissolved oxygen in groundwater peaked at Zone 3 where was the
transition area between a thin clay player and a groundwater layer. Although pH in the
sediment changed very little, groundwater at Zone 1 showed a relatively reduced condition.
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APPENDIX D
XRD DIFFRACTOGRAMS FOR CRYO CORE

XRD diffractograms with peak identification for Zone of interest.
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